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1.  EVTRODUCTION 


SAIC's  PC  METEORLE^  computer  prediction  tool  was  designed  to  model  the  performance  of 
meteor-burst  communication  links.  PC  METEORLINK  is  a  high-fidelity,  first-principles  model  of  the 
meteor-scatter  channel  that  uses  a  detailed  channel  model  to  generate  the  usable  meteor  rate  (MR)  and 
channel  duty  cycle  (DC)  statistics.  This  DOS-based  C-h-  program  is  an  adaptation  of  SAIC's 
METEORCOM  soflware  package  which  predicts  the  performance  of  a  much  wider  variety  of  meteor 
burst  communication  systems.  METEORCOM  is  a  family  of  VAX  FORTRAN  programs  that  can  be 
used  to  predict  the  waiting  time  statistics  associated  with  message  delivery  for  arbitrary  link  protocols. 
METEORCOM  also  predicts  the  diversity  improvement  achieved  through  the  use  of  multiple 
geographically-dispersed  receivers.  METEORCOM  can  be  used  to  assess  the  probability  of  unintended 
intercept  through  its  abihty  to  predict  the  size  and  extent  of  the  meteor  burst  footprint.  This  family  of 
computer  models  has  evolved  over  many  years  to  become  a  comprehensive  meteor  burst  communication 
modeling  and  analysis  tool.  This  manual  describes  the  PC  version  of  the  PC  METEORLINK  program. 
Information  on  the  VAX-based  METEORCOM  software  can  be  obtained  by  contacting  SAIC. 

PC  METEORLINK  has  a  variety  of  features  that  make  it  a  useful  modeling  tool  It  has  been 
extensively  validated  with  measured  data  from  a  variety  of  sources,  which  employed  meteor-burst  links 
with  diverse  link  configurations.  The  result  is  a  computer  model  which  has  been  validated  for  a  variety  of 
operational  environments.  These  link  configurations  include  different  latitudes,  ranges,  seasons,  times  of 
day,  link  geographic  orientations,  antenna  systems,  and  link  power  budgets.  Other  notable  features  of  the 
PC  METEORLINK  code  include 

•  the  use  of  three-dimensional,  NEC-generated  radiation  patterns  to  represent  antenna  performance 
over  the  entire  meteor-scatter  region, 

•  sporadic  meteor  radiant  distribution  derived  from  extensive  measurements  in  northern  and  equatorial 
latitudes, 

•  overdense  and  underdense  meteor  trail  models, 

•  faraday  rotation  effects, 

•  solar  cycle  variations. 

The  PC  METEORLINK  program  was  designed  as  a  first-principles  model  of  the  meteor  scatter  channel. 
It  includes  empirically-derived  models  for  meteor  flux,  meteor  mass-rate  (rate  of  occurrence)  and 
meteoric  ionization  parameters  in  a  common  volume  integration  to  determine  the  total  average  usable 
meteor  rate  (MR)  and  net  chaimel  duty  cycle  (DC).  The  MR  is  the  rate  of  arrival  of  meteors  producing  a 
received  signal  level  (RSL)  exceeding  a  specified  minimum  value.  The  total  channel  DC-value  available 
from  aU  properly  oriented  trails  is  measured  as  the  percentage  of  time  that  the  RSL-value  is  attained. 

PC  METEORLINK  computes  MR  and  DC,  from  the  total  incident  meteor  flux  for  a  specified 
link-power  budget,  link  geographic  parameters,  time  of  day,  day  in  the  year,  and  year  in  the  solar  cycle. 
The  flux  model  used  by  PC  METEORLINK  was  derived  from  monthly- averaged  radar  observations 
made  in  the  Mogadishu,  Somaha  and  the  former  Soviet  Union.  The  MR  and  DC  predictions  for  a  given 
hour  of  a  day  are  determiaed  from  the  long-term  (monthly)  average  flux  meteor  rate  determined  for  that 
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hour  of  that  day.  PC  METEORLESIK  Version  1.0  was  created  by  converting  the  original  VAX 
FORTRAN  version  of  METEORLENK  to  a  C++  PC  computer  program.  PC  METEORLINK  Version 
l.OV  is  an  “experimental”  version  of  PC  METEORLINK  that  integrates  each  observable  trail  orientation 
over  an  empirically-derived  meteor  velocity  distribution  for  the  parent  meteor. 


2.  BACKGROUND 

Bilhons  of  meteoroids  enter  the  earth's  atmosphere  each  day.  The  vast  majority  of  the  resulting 
meteors  are  extremely  small  and  disintegrate  before  reaching  the  ground.  As  these  meteors  bum  up,  they 
leave  a  trail  of  electrons  in  their  wake  that  can  reflect  a  radio  signal.  Trails  can  persist  for  up  to  seconds 
or  more  before  being  completely  destroyed  by  difiusion,  atmospheric  winds,  electron  attachment,  and 
recombination.  The  resulting  meteor-burst  (MB)  link  can  provide  communications  for  ranges  up  to  1200 
miles.  Meteoric  particles  of  practical  interest  to  radio  communication  systems  range  in  mass  from  about 
10"^  grams  to  about  10^  grams,  and  their  sizes  range  from  about  1  cm  to  about  below  50  microns.  Many 
of  these  particles  are  not  single  sohd  particles  but  loose  aggregates  of  smaller  particles.  The  velocity  of 
these  meteors  is  bounded  below  by  the  escape  velocity  of  a  particle  leaving  the  earth  (11.3  km/sec)  and  is 
bounded  above  by  the  sum  of  the  velocity  of  the  earth  (30  km/sec)  and  escape  velocity  from  the  solar 
system  (42  km/sec)  for  a  total  velocity  of  72  km/sec. 

When  an  RF  signal  is  incident  on  an  electron  trail,  it  will,  in  general,  be  scattered  in  all  directions. 
The  majority  of  the  scattered  energy,  however,  propagates  along  a  path  that  satisfies  the  qjecular 
condition.  That  is,  the  incident  and  reflected  angles  are  equal.  For  forward  scattering  of  an  RF  signal, 
this  condition  is  equivalent  to  the  trail  being  contained  within  the  tangent  plane  of  an  ellipsoid  of 
revolution  with  the  transmit  and  the  receive  sites  at  its  foci.  Once  formed,  a  meteor  trail  immediately 
begitts  to  dissipate  through  diflfixsion.  After  a  time  t,  the  radius  of  the  trail  is  approximated  by  (4Z)t  + 
^o^)H  where  r©  is  the  initial  radius  and  D  is  the  coefficient  of  dififiision.  In  addition  to  the  diffiision 
effects,  each  trail  is  subject  to  distortion  by  upper  atmosphere  winds.  Wind  shear  may  rotate  a  trail  by  as 
much  as  5°  per  second  (these  winds  typically  have  velocities  on  the  order  of  25  m/sec)  and  can  result  in 
multipath  fading  of  a  meteor  burst  signal. 

A  meteor  trail  is  classified  as  either  xmderdense  or  overdense  as  determined  by  its  electron  volume 
density.  Underdense  trails  are  analyzed  as  if  each  electron  in  the  trail  were  an  independent  scattering 
source.  For  these  trails,  a  widely  accepted  model  of  the  scattering  of  RF  signal  energy  has  been  derived 
and  is  employed  in  PC  METEORLINK  For  overdense  trails,  on  the  other  hand,  the  scattering  effects  are 
not  nearly  as  straight-forward.  The  volume  density  of  electrons  in  an  overdense  trail  is  so  great  that  the 
electrons  scatter  from  more  than  a  single  electron,  that  is,  multiple  scattering  occurs.  The  net  effect  of 
this  complex  electron  interaction  is  that  radio  signal  does  not  significantly  penetrate  the  meteor  trail  and 
most  of  the  signal's  energy  is  reflected  in  the  direction  that  satisfies  the  specular  condition.  Several 
models  of  the  scattering  of  radio  signal  energy  by  overdense  trails  have  been  developed.  These  models 
have  been  analyzed  through  extensive  PC  METEORLINK  validations. 

Meteor  burst  has  been  used  for  many  years  to  support  over-the-horizon  communications  at 
frequencies  in  the  lower  VHF  band.  Empirical  measurements  combined  with  theoretical  predictions  have 
demonstrated  that  meteor-burst  systems  provide  near-optimum  performance  between  about  35  and  55 
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MHz.  Lower  frequencies  are  not  used  because  other  propagation  modes  (sky  wave,  sporadic  E,  spread 
F,  and  auroral  scatter)  tend  to  dominate  system  performance  and  compromise  the  inherent  anti-jam  and 
low  probability-of-intercept  attributes  of  meteor-burst  systems.  Hi^er  frequencies  are  not  practical 
because  the  energy  reflected  by  the  trail  decreases  rapidly  with  increasing  frequency,  thus  reducing  the 
link  MR  and  DC  values.  Ultimately  (somewhere  near  100  MHz)  unreahstic  requirements  are  imposed  on 
the  required  transmitter  output  power  and  the  receiver  sensitivity.  The  highest  usable  frequency  for  a 
meteor-burst  communication  is  near  100  MHz,  although  low  duty-cycle  communications  have  been  noted 
at  frequencies  as  high  as  150  MHz. 


3.  PC  METEORLESK  INPUTS 

The  PC  version  of  PC  METEORLINK  uses  an  input-file  format  similar  to  the  "NAMELIST"  format 
used  by  the  VAX  FORTRAN  version.  This  format,  shown  below,  is  convenient  because  the  input  files 
consist  of  variable  names  (one-word  convention)  followed  by  the  value(s)  of  that  variable,  such  as: 

variable_name  =  value. 

Many  of  the  input  variables  are  represented  by  comma-dehmited  lists  of  values  which  define  the  transmit 
and  receive  radio  system  parameters  for  up  to  12  sequential  runs,  that  is,  PC  METEORLINK  offers  the 
ability  to  perform  up  to  12  sequential  executions  using  a  single  input  file.  This  feature  is  useM  for 
performing  parametric  studies  to  evaluate  link  performance  sensitivity  to  variations  in  input  variables. 
This  feature  could,  for  example,  be  used  to  study  the  ten^oral  behavior  of  the  meteor-burst  channel  by 
executing  PC  METEORLINK  at  12  different  times  of  day.  The  total  number  of  runs  to  be  executed  by  a 
single  PC  METEORLINK  input  file  is  specified  by  the  parameter  N_RUN.  The  format  required  for  the 
inputs  associated  with  each  of  the  N_RUN  executions  is  described  in  the  following  sub-sections. 

3.1  General  Notes 

•  PC  METEORLINK  is  not  case  sensitive  with  respect  to  input  parameters. 

•  For  multiple  input  parameters  that  “fill”  an  array,  such  as  MONTH  input  parameter,  the  array  can  be 
filled  by  specifying  each  input  independently,  or  for  adjacent  cells  in  the  array  with  the  same  value, 
use  an  index  parameter  to  teU  the  program,  the  number  of  values  to  be  repeated  and  the  parameter 
value  to  be  repeated  in  filling  the  array.  For  example, 

MONTH  =  3,  3,  3,  3,  3,  3,  3, 3,  3,  3,  3,  3, 


and 

MONTH  =  12*3, 

will  fill  the  MONTH  input  array  with  the  same  values. 

•  If  an  input  parameter  is  missing  from  the  input  file,  an  error  message  will  be  issued  and  program 
execution  will  halt. 

•  For  input  parameters  that  fill  an  array,  such  as  the  MONTH  input  parameter,  the  array  must  be  filled 
with  at  least  the  number  of  values  specified  by  the  N_RUN  parameter.  If  the  input  parameter  array 
does  not  contain  enough  values,  an  error  message  will  be  issued  and  program  execution  will  halt. 
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•  For  input  parameters  that  specify  Boolean  inputs,  such  as  the  DlJrY_CYCLE  input  parameter,  a  ‘0’ 
indicates  FALSE  and  any  other  value  will  set  the  input  parameter  to  TRUE. 

These  general  notes  are  uniquely  applicable  to  the  PC  METEORLINK  program  and  not  necessarily 
characteristic  of  “standard”  C-H-  input  formats. 

3.2  Geometrical  Parameters 

The  MB-link  geometry  is  specified  by  entering  the  latitude  and  longitude  of  each  radio  station.  These 
geographic  locations  are  entered  as  integer  values  representing  degrees,  minutes,  and  seconds  of  latitude 
and  longitude  respectively.  The  hemisphere  in  which  the  latitude  and  longitude  are  determined  is 
specified  by  the  input  parameters  LAT_NS  and  LNG_EW  respectively  (“+1”  is  used  to  represent  north 
latitude  and  east  longitude  while  “0”  represents  south  latitude  and  west  longitude).  Since  there  are  two 
MB  radio  stations,  or  antenna  sites,  a  total  of  four  integer  values  is  required  for  each  input  file.  The 
following  example  explains  how  to  enter  the  latitude  of  the  two  radio  stations. 


LAT_DEG  =  77,66, 
LAT_MIN  =  55,  44, 
LAT_SEC  =  33, 22, 


LAT_NS  =  0, 1, 

In  this  example,  MB  stations  1  and  2  are  located  at  77°  55’  33”  S  and  66°  44’  22”  N  latitude  respectively. 
Notice  that  these  variables,  like  all  of  the  variables  in  the  input  file,  must  be  terminated  with  a  comma. 
The  other  formats  required  to  specify  the  link's  longitude  information  is  similar  to  the  latitude  input 
format  using  LNG_DEG, 

LNG_MIN,  LNG_SEC,  and  ‘ 

LNG_EW  names  to  specify  the 
input  values. 

3.3  Temporal  Parameters 

The  date  and  time  are 
required  to  position  the  earth  in 
its  orbit  around  the  sun  and  thus 
relative  to  the  sporadic  meteor- 
radiant  distribution.  The  month, 
day,  and  year  are  entered  as 
integer  values  into  comma- 
delimited  12- element  arrays. 

The  12  values  are  used  in 
subsequent  executions  of  the  PC 
METEORLINK  program  as 
specified  by  the  input  variable 
N_RUN.  The  “time”  is 
represented  by  two  12-element 


Figure  3.1  PC  METEORLINK  MB-link  geometry 


integer  arrays  which  represent  the  intended  hour  and  minute  of  the  MB  link  performance  to  be  predicted. 
The  final  parameter,  Hours_GW,  is  a  single  integer  which  represents  the  difiference  between  the  local 
time  and  Greenwich  Mean  Time  (GMT).  This  parameter  is  entered  as  the  number  of  “hours  behind 
GMT”  and  thus  is  a  positive  number  for  the  western  hemisphere.  For  example,  the  input  file  with  the 
following  parameters: 

YEAR  =  12*1989, 

MONTH  =  12*3, 

DAY  =  6*15,  6*1, 

HOURS  =  0,  4, 8, 12, 16, 20,  6*0, 

MINUTES  =  6*0,  6*45, 

HOURS_GW  =  0, 

wfll  be  executed  for  the  dates  and  times  shown  in  Table  3. 1  below. 


3.4  Integration  Parameters 

PC  METEORLINK  determines  the  link  MR  and  DC  values  by  performing  a  spatial  integration  over 
the  common  sky  volume  illuminated  by  the  transmit  and  receive  antennas.  In  addition  to  these  spatial 
integrations,  PC  METEORLINK  version  1.0  integrates  over  all  possible  trail  orientations  and  all  possible 
trail  electron  line  densities.  To  provide  user  flexibility  in  run  time  and  output  resolution,  PC 
METEORLINK  version  1.0  provides  the  capabihty  to  specify  the  integration  parameters.  These 
parameters  are  entered  as  integer  values  which  are  used  by  all  12  runs  defined  by  a  given  input  file.  PC 
METEORLINK  version  l.OV  also  integrates  over  meteor  velocity  for  each  trail  orientation. 


The  Gauss  quadrature  integration  routine  implemented  by  PC  METBORLINK  requires  specification 
of  the  number  of  integration  points.  The  Gauss  abscissas  and  corresponding  weight  values  for  2,  4,  6,  8, 
10,  12,  16,  20,  24,  32,  40,  48,  64,  80  and  96-point  integration  are  stored  in  the  file  “AWGAUSS.DAT”. 


These  abscissas  and  weights  are  input  by  PC 
METEORLINK  automatically  upon  program 
execution.  Due  to  the  nature  of  the  Gauss 
quadrature  integration,  the  number  of 
integration  points  must  be  selected  fi'om  the  hst 
above.  The  extent  of  the  Ihik  grid  is  controlled 
by  input  variables  XL_MIN,  XL_]VIAX, 
YL_MIN,  YL_MAX  as  shown  m  Figure  3.1 
below.  These  variables  are  specified  in 
kilometers. 

Integrations  performed  by  PC 
METEORLINK  include  spatial  integration 
over  the  link  grid  (N_XL,  N_YL,  N_ZL),  an 
angular  integration  to  count  all  possible 
meteor-orientation  (N_AM),  a  velocity 


Table  3.1 

Time  parameters 

Run 

Month 

Day 

Year 

Hour 

Minute 

1 

March 

15 

1989 

0 

0 

2 

March 

15 

1989 

4 

0 

3 

March 

15 

1989 

8 

0 

4 

March 

15 

1989 

12 

0 

5 

March 

15 

1989 

16 

0 

6 

March 

15 

1989 

20 

0 

7 

March 

1 

1989 

0 

45 

8 

March 

1 

1989 

0 

45 

9 

March 

1 

1989 

0 

45 

10 

March 

1 

1989 

0 

45 

11 

March 

1 

1989 

0 

45 

12 

March 

1 

1989 

0 

45 
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integration  to  account  for  meteor  velocity  distributions  (N_VL,  version  l.OV  only),  and  electron  line 
density  integrations  for  under  (N_QU)  and  overdense  (N_QO)  trails.  The  accuracy  of  each  integration  is 
determined  by  the  number  of  points  specified.  PC  METEORLINK  has  demonstrated  convergence  to  the 
second  significant  digit  with  the  settings; 

N_XL  =  16 , 

N_YL  =  16 , 

N_ZL  =  8 , 

N_AM=  10 , 

N_VL  =  12 , 

N_QU  =  4  ,  and 

N_QO  =  8. 

In  practice,  the  user  may  make  several  executions  of  PC  METEORLINK  and  examine  the  resulting  MR 
and  DC  link  grids  for  each  link  path  length  and  antenna  combination.  The  input  parameters  required  to 
generate  these  grids  are  presented  in  section  3.8.  (Note  that  only  the  MR  grid  has  been  implemented  due 
to  executable-image  size  limitations  in  the  current  PC  METEORLINK  program)  This  procedure  begins 
with  wide  integration  Umits  resulting  in  excessive  link  grids.  Examination  of  the  distribution  of  MR 
contributions  will  quickly  lead  to  a  reduction  in  the  integration  limits  for  X  and  Y  and  a  corresponding 
increase  in  acciuacy.  Once  these  limits  have  been  found  for  each  link  scenario,  input  files  can  be  created 
with  an  optimal  trade-ofifbetween  execution  time  and  prediction  accuracy. 

3.5  Antenna  System  Parameters 

As  stated  earher,  PC  METEORLINK  uses  three-dimensional,  NEC-generated  radiation  patterns  to 
represent  antenna  performance  over  the  entire  meteor- scatter  region.  The  “NECTOMTL”  program 
converts  NEC  output  files  into  the  format  used  by  the  PC  METEORLINK  analysis  modules.  The 
conversion  program  prompts  the  user  for  the  name 
of  the  file  to  be  converted  and  the  number  of 
increments  in  azimuth  and  elevation  angle.  The 
antenna  file  created  by  NEC  must  cover  the  entire 
upper  half  space.  Increments  of  2°  in  (elevation 
angle)  and  5°  m  (azimuth  angle)  are 

recommended  (see  Figure  3.2),  but  any  increment 
which  is  larger  than  these  values  will  work  in  the 
program  although  pattern  granularity  will  suffer  for 
intricately-lobed  patterns.  The  2°  elevation  and  5° 
azimuth  increments  require  46  values  of  0  and  73 
values  of  (j),  respectively,  to  cover  the  entire  upper 
half  space.  If  more  than  46  0  values  or  73  <j) 
increments  are  used,  the  program  could  produce  a 
“run  time”  error  because  the  program  cannot 
allocate  enough  memory  for  smaller  increments.  It 
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is  also  assumed  that  the  ranges  of  ^  and  ^  are  (0,  ti)  and  (0,  2%)  respectively,  that  is  both  and  ^  are 
assumed  to  begin  at  an  absolute  angle  of  0°.  It  is  therefore  important  that  a  range  in  the  NEC  ‘RP’  card 
(any  far-field  ^stance  is  acceptable)  is  specified.  This  value  is  needed  to  normalize  the  field  strengths 
used  in  PC  METEORLINK  However,  a  ‘zero’  value  will  for  this  parameter  is  acceptable  in  PC 
METEORLINK  Version  l.OV,  although  it  is  unacceptable  in  Version  1.0. 

The  transmit  and  receive  antenna  pattern  files  for  the  two  stations  are  specified  using  the  input  string 
variable  ANTENNA_nLE.  The  first  two  files  specified  are  the  transmit  and  receive  antennas  for  the 
site  1,  while  the  next  two  files  specified  are  the  antenna  patterns  used  for  site  2.  The  format  for 
specifying  the  antenna  patterns  is: 

ANTENNA_FILE  =  ’<path>STlTX.MTL’,  '<path>STlRX.MTL', 
’<path>ST2TX.MTL',  ’<path>ST2RX.MTL’, 

where: 

•  <path>  is  the  drive  and  directory  name  where  the  file  is  located.  If  a  path  is  not  specified,  the 
directory  is  assumed  to  be  the  same  as  the  directory  containing  the  PC  METEORLINK  executable. 

•  “STITX.MTL”  is  a  file  containing  the  antenna  pattern  for  the  transmit  antenna  at  site  1, 

•  “ST  IRX.MTL”  is  a  file  containing  the  antenna  pattern  for  the  receive  antenna  at  site  1, 

•  “ST2TX”.MTL  is  a  file  containing  the  antenna  pattern  for  the  transmit  antenna  at  site  2,  and 

•  “ST2RX.MTL”  is  a  file  containing  the  antenna  pattern  for  the  receive  antenna  at  site  2. 

The  orientation  angles  of  the  antennas  (bearing,  pitch,  and  roll)  are  also  specified  in  the  input  file. 
The  bearing  angle  is  specified  in  degrees  with  respect  to  true  north.  This  parameter  is  a  typical  source  of 
error  in  an  input  file.  Improperly  oriented  antennas  will  result  in  long  waiting  times  and  neghgible  duty 
cycle.  Antenna  pattern  pitch  and  roll  are  useful  in  the  analysis  of  the  performance  of  airborne  antenna 
systems.  Antenna  systems  near  to  the  earth's  surface  should  have  pitch  and  roll  angles  of  0°.  Therefore, 
NEC  must  be  used  to  accurately  account  for  pitch  and  roll  angles  in  antenna  systems  near  the  ground. 
The  bearing,  pitch,  and  roll  are  specified  using  the  input  variable  names,  BEARING,  PITCH,  and 
ROLL  using  the  following  format: 

BEARING_DEG  =  WW.W,  XX.X  ,YY.Y,  ZZ.Z, 

PITCH_DEG  =  WW.W,  XX.X  ,YY.Y,  ZZ.Z, 

ROLL_DEG  =WW.W,XX.X,YY.Y,ZZ.Z, 

where  WW.W,  XX.X  ,YY.Y,  and  ZZ.Z,  are  specified  in  the  number  of  degrees.  W  and  X  specify  the 
values  for  the  transmit  and  receive  antennas  at  site  1,  respectively.  Y  and  Z  specify  the  values  for  the 
transmit  and  receive  antennas  at  site  2,  reflectively. 

In  PC  METEORLINK  Version  1.0,  the  bearing  angles  BEARING_DEG  correspond  to  the  antenna 
pointing  angle  measured  east  of  true  north,  that  is,  clockwise  fi^om  north.  In  Version  l.OV,  the  meaning 
of  BEARING_DEG  depends  upon  the  “sign”  of  the  value  used  in  the  input  file.  If  a  bearing  angle  is 
entered  as  0°  (<  0.01°)  or  negative,  then  this  value  is  added  to  the  actual  bearing  angle  pointing  firom  one 
site  to  the  second  site.  In  other  words,  the  bearing  angle  becomes  a  pointing  “offset”  firom  the  Great 
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Circle  path  between  sites.  Otherwise,  the  hearing  angle  serves  as  the  absolute  pomting  angle  measured 
east  of  north  as  in  Version  1.0. 

The  antenna  heights  are  specified  in  kilometers  using  the  input  variable  name  HANT_KM.  The 
format  for  indicating  the  antenna  height  is; 

B[ANT_KM  =  XX.XX,  YY.YY 

where  XX.XX  is  the  height  of  the  antennas  at  site  1  in  kilometers  and  YY.YY  is  the  height  of  the 
anteimas  at  site  2.  These  heights  are  used  to  model  ground-air  and  air-air  MB  links  in  which  the  radio 
LOS  range  is  extended. 

3.6  Radio-System  Parameters 

The  radio-system  parameters  include  transmit  fi'equency,  transmit  power,  transmitter  system  losses, 
antenna  patterns,  required  received  power,  miTiiTniim  hmst  duration,  and  index  of  the  transmit  site.  The 
transmit  system  losses  generally  consist  of  cable,  connector,  and  mismatch  losses.  The  required  received 
power  at  the  antenna  terminals  must  be  calculated  considering  the  external  noise  temperature,  the 
receiver's  noise  figure,  the  insertion  loss  of  the  cable  and  the  cable’s  physical  tenqjerature,  and  the 
Tninirmim  required  signal-to-noise  ratio  (SNR)  per  bit. 

The  required  SNR  is  computed  from  the  required  Eb/No,  the  hit  transmission  rate,  system  losses  and 
codmg  gain.  The  required  Et/No  can  be  found  by  referring  to  the  appropriate  BER  curve  for  the  desired 
modulation  scheme.  These  curves  can  be  found  in  a  number  of  well-known  sources.  The  sum  of  the 
required  SNR  (dB)  and  the  noise  power  (dBm)  yields  the  required  signal  level  at  the  receiver  input.  The 
required  power  at  the  anteima  terminals  is  the  sum  of  this  value  and  the  insertion  loss  of  the  cable.  The 
miuiTnnm  burst  duration  is  the  length  of  time  that  a  scattered  signal  must  exceed  the  receiver's  threshold 
for  it  be  considered  a  usable  trad.  Trails  with  a  duration  less  than  the  specified  trad  duration  are  not 
considered  usahle  on  the  MB  link.  The  transmitter  index  identifies  the  transmit  site,  using  the  index, 
i_Tx ,  and  the  receive  site  using  the  parameter,  which  is  set  to  one  for  the  transmit  site. 

The  transmit  fi'equency  in  MegaHertz  for  the  two  stations  is  indicated  by  the  format: 

FREQUENCY_MHZ  =  XX.XX,  YY.YY, 
where  XX.XX  and  YY.YY  are  the  transmit  frequencies  for  site  1  and  2,  respectively. 

The  values  foUowing  PT_DBW  define  the  transmit  power  in  dBW  for  each  of  the  12  PC 
METEORLINK  runs.  The  values  foUowing  PRREQ_DBM  indicate  the  required  receive  power  in  dB 
helow  one  mdliWatt  for  each  of  the  12  PC  METEORLINK  runs.  The  transmit  line  losses  in  dB  for  the 
two  stations  is  specified  using  the  LTX_DB  variable  name.  The  values  foUowing  TAU_SEC  define  the 
required  miniTniim  burst  duration  in  seconds  for  each  of  the  12  PC  METEORLINK  runs.  The  integer 
values  foUowing  INDEX_TX  indicate  which  station  (1  or  2)  is  the  transmit  site  for  each  of  the  12  PC 
METEORLINK  nms. 
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3.7  Calculation  Control 

DUTY_CYCLE  is  another  flag  which  controls  the  execution  of  PC  METEORLINK  A  value  of 
‘TRUE”  for  this  variable  tells  PC  METEORLINK  to  compute  link  DC  as  well  as  the  MR  value,  while  a 
value  of ‘TALSE”  forces  PC  METEORLINK  to  compute  the  MR  only.  Setting  this  value  to  ‘TALSE” 
will  save  computer  time.  The  flag  FARADAY  is  a  logical  flag  that  controls  the  execution  of  PC 
METEORLINK  Setting  FARADAY  to  ‘TRUE,’  that  is,  any  non-zero  integer  value,  forces  the  program 
to  compute  the  Faraday  rotation  angles  of  transmit  and  receive  electric  vectors.  If  FARADAY  is  set  to 
‘FALSE,’  that  is,  a  ‘0,’  Faraday  effects  are  not  included  in  the  MR  and  DC  calculations. 

3.8  Grids 

As  stated  previously,  the  usable  meteor  rate  output  grid  can  be  generated  by  PC  METEORLINK  to 
determine  which  part  of  the  meteoric  sky  volume  produces  the  greatest  usable  rate  contribution.  The  MR 
output  grid  will  be  generated  if  the  input  variable  name  controlling  these  grids  is  set  to  TRUE.  The 
various  grids  employed  in  the  VAX  MEIEORLINK  program  are  Hsted  in  the  table  below  with  their 
input  variable  names  and  the  extension  of  file  that  contains  the  output  grids.  At  present,  PC 
METEORLINK  Version  1.0  provides  no  grid  output,  while  Version  l.OV  provides  only  the  MR- 
contribution  grid  output  as  highli^ted  in  Table  3.3. 


4.  PC  METEORLINK  OUTPUTS 

PC  METEORLINK  always  computes  the  average  MR  value  and  may  also  compute  the  channel  DC 
value  for  the  link  specified  in  the  input  file.  The  input  variables  described  in  Section  3.6  determine 
whether  or  not  the  DC  value  is  computed  in  addition  to  the  MR  value.  PC  METEORLINK  will  output 
the  MR  value,  corresponding  waiting  time,  DC  value  (%),  percentage  of  MR  from  underdei  trails, 
percentage  of  DC  from  underdense  trails,  and  total  flux  of  suitable  oriented  meteor  trails.  The  format  of 
the  output  is  shown  in  Figure  3.3 


METEORLINK  RESULTS 

R  E  Q  U 

I  R  E  D  II 

PER 

FORMAN 

C  E 

Underdense 

Portion  of 

Total 

Tx 

Rx 

Burst  1 1 

Meteor 

Waiting 

Duty 

Meteor 

Duty 

Observable 

DATE  TIME 

Tx 

Power 

Power 

Duration  I  I 

Rate 

Time 

Cycle 

Rate 

Cycle 

Flux 

Run 

Mo  Day  Year  Hr  Min 

Site 

(dBW) 

{dBm) 

(sec)  1  1 

(Mpm) 

(min) 

(%) 

(%) 

(%) 

(Mpm) 

1 

3  15  1989  00:00 

1 

29.5 

-120.0 

0.040  1 1 

1.85E-01 

5.41E+00 

O.OOE+00 

9.40E+01 

O.OOE+00 

2.85E+02 

2 

3  15  1989  04:00 

1 

29,5 

-120.0 

0.040  1  I 

1.33E-01 

5.67E+00 

O.OOE+00 

9.60E+01 

O.OOE+00 

2.95E+02 

Mean  Values: 

1.85E-01 

5.41E+00 

O.OOE+00 

9.50E+01 

O.OOE+OO 

2.90E+02 

Figure  3.3  Sample  PC  METEORLINK  output 

PC  METEORLINK  will  output  these  values  to  the  screen  and  two  output  files.  The  output  files  will 
have  the  same  prefix  as  the  input  file.  The  output  file  with  the  suflSx  “.OUT”  will  have  the  same  format 
as  shown  above.  The  output  file  with  the  suffix  “.TXT”  will  use  spaces  to  delimit  values  so  that  output 
can  be  easily  “read”  by  a  spreadsheet  program  such  as  Microsoft  Excel.  If  output  grids  have  been 
computed,  files  will  be  created  for  each  type  of  grid  with  the  same  prefix  as  the  input  file.  The  file 
suffixes  are  listed  in  Table  3.2.  Spaces  are  used  to  delimit  values  so  that  output  can  be  easily  read  by  a 
spreadsheet  program  such  as  Microsoft  Excel. 
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Table  3.2  Grid  file  sufBx  definitions  (onlyMR  GRID  is  currently  implemented) 


GRID  DESCRIPTION 

INPUT  VARIABLE 

FILE 

EXTENSION 

MR  contributions  above  each  point  in  the  LINK  grid 

MR  GRID 

.MR 

DC  contributions  above  each  point  in  the  LINK  grid 

DC  GRID 

.DC 

Percentage  of  MR  contributions  from  underdense  meteor 
trails  above  each  point  in  the  LINK  grid 

UPMR  GRID 

.UMR 

Percentage  of  DC  contributions  from  underdense  meteor 
trails  above  each  point  in  the  LINK  grid 

UPDC  GRID 

.UDC 

Antenna  azimuth  and  elevation  angles  for  which  the  MR 
(or  DC)  contribution  exceeds  a  percentage  FRCT_MR  (or 
FRCT  DC)  of  the  net  MR  (or  DC)  above  each  point  in  the 
LINK  grid 

ANTAZ_GRID 

ANTEL_GRID 

•AZ 

.EL 

Average  gain  product  of  transmit  and  receive  field  vectors 
in  dB  above  each  point  in  the  LINK  grid 

GTGR  GRID 

.GTR 

Faraday  rotation  angles  for  transmit  and  receive  electric 
vectors  if  and  only  if  FARADAY  =  .TRUE. 

FARADAY  GRID 

.FAR 

5.  PC  METEORLINK  EXECUTION 

The  user  can  execute  PC  METEORLINK  in  an  interactive  or  non-interactive  mode.  In  interactive 
mode,  the  user  simply  types  “MLINK”  at  the  MS-DOS  prompt.  A  list  of  input  files  in  the  directory  that 
PC  METEORLINK  resides  will  be  listed.  The  user  can  abort  execution  by  hitting  the  ‘ESCAPE”  key. 
Or  by  using  the  “T“,  and  “4'“  to  move  around  and  hitting  the  ‘ENTER”  key,  a  user  can 

choose  the  desired  input  file.  In  non-interactive  mode,  the  user  simply  types  MLINK  <path>inputfile.INP 
at  the  MS-DOS  prompt,  and  PC  METEORLINK  will  be  executed  using  the  desired  input  file. 

At  the  beginning  of  PC  METEORLINK  execution,  the  program  dynamically  allocates  memory  for  the 
several  arrays,  including  those  containing  integration  values  and  antemia  gain  patterns.  If  PC 
METEORLINK  cannot  allocate  enough  memory,  an  error  message  will  be  issued  and  the  program 
execution  will  halt.  PC  METEORLINK  can  use  only  base  DOS  memory,  not  extended  memory. 
Therefore,  it  is  recommended  that  PC  METEORLINK  is  executed  with  as  much  base  memory  as 
possible.  If  the  program  will  not  execute,  then  use  the  following  suggestions  to  reduce  the  amount  of 
dynamically  allocated  memory  required: 

•  start  PC  METEORLINK  with  as  much  base  memory  as  possible, 

•  limit  the  number  of  output  grids  (one  or  zero  in  the  present  configuration), 

•  reduce  the  number  of  ^  and  lvalues  in  the  anteima  pattern  file  (if  possible  for  accuracy),  and 

•  reduce  the  number  of  integration  points  (N_XL,  N_YL,  N_ZL,  N_AM,  N_VL)  until  the  computed 
MR  and  DC  values  begins  to  change  significantly. 

As  previously  stated,  the  maximum  available  memory  should  be  “firee”  for  use  by  PC  METEORLINK 
‘Resetting’  a  PC  before  executing  the  program  or  initiating  a  large  number  of  executions  would  arguably 
provide  the  ‘best’  solution. 
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6.  REQUIRED  FILES 

The  following  files  must  be  located  in  the  same  directory  as  the  PC  METEORLINK  executable: 
CONSTANT.DAT  (Appendix  A) 

VELOCrrY.DAT  (Appendix  B) 

MOFLUX.DAT  (Appendix  C) 

AWGAUSS.DAT  (Appendix  D) 

These  files  are  provided  in  the  indicated  appendices.  Of  these  files,  only  CONSTANT.DAT  should  be 
altered  by  the  user  interested  in  further  cahbration  of  the  PC  METEORLINK  program  (either  version) 
and  then  only  after  careful  consultation  with  the  available  MB  references.  Note  that  the  constants  in 
CONSTANT.DAT  have  different  meaning  depending  on  which  PC  METEORLINK  version  is  being 
employed.  These  differences  are  critical  to  the  operation  of  the  respective  programs  and  are  described  in 
Appendix  A. 


12 


7.  APPENDIX  A:  CONSTANT.DAT  INPUT  FILE 

This  appendix  contains  the  CONSTANT.DAT  input  file.  Although  the  number  and  names  of 
arguments  defined  by  CONSTANT.DAT  are  the  same  for  both  PC  METEORLINK  Version  1.0  and 
Version  l.OV,  some  of  the  arguments  differ  m  their  meaning  and  use  in  the  respective  algorithms.  These 
differences  are  annotated  below.  Note  that  only  Version  l.OV  values  are  shown  in  the  file  below. 


//1030  IMPORTANT  CONSTANTS 

:ic  ^  :1c  ^  :{e  ^  ^  ^  Hi  5is  ^  ^  ^  ^  ^  ^  ^  *  5i«  3i«  ^  ^  sis  Hi  ^  5}^  ^  ^  ^  ^  5i«  ^  ^  ^  ^  He  ^  ^  ^ 

I  «Ii»  ^  ^  ^  ^  «£•  «X*  «£**  *3^  «£*  ^  ^  «£•  4^  ^  ^lr  4^  ^  ^  ^  ^  S!>  ^  ^  *3^  Sir  Stf  Slf  Stf  ^  ^  Sl^  ^  Sir  S!f  ^  ^  ^  ^  ^  ^  ^  ^  ^  ^  ^  ^  ^  ^  ^  slf  ^  ^  ^ 
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//  constants.  140 

const  float  hMIminkm  =  80.0;  . Both  versions:  maximum  height  of  meteoric  ionization 

const  float  hMImax  km  =  120.0;  . Both  versions:  minunmn  hei^t  of  meteoric  ionization 

const  float  Rc  =9.0;  .  Version  1.0:  Flux  cell  correlation  coefScient 

Version  l.OV:  Index  used  to  select  desired  expression  for 

the  ionization  coefficient  (see  Final  Report) 

const  float  VeOh_kmps  =  29.77;  . Both  versions:  Earth’s  heliocentric  speed  (unused) 

const  float  mVmOh  =  0.0;  . Both  versions:  Slope  of  heliocentric  meteor  speed  (xmused) 

const  float  bVmOh  =  1.0;  . Version  1.0:  Intercept  of  heliocentric  speed  (unused) 

Version  l.OV:  Scale  factor  to  divide  sporadic  flux  values 

const  float  Re  m  =2.8178e-15;  .  Both  versions:  Classical  electron  radius  (m) 

const  float  m  theta  =0.0189; . Both  versions:  Constant  for  absent  algorithm  (unused) 

const  float  mHmax  =  49.0; . Version  1.0:  Slope  of  height  curve  of  maximum  ionization 

as  a  function  of  meteor  q)eed 
Version  l.OV:  (1)  “zero,”  if  the  height  of  maximum 
ionization  is  equal  to  b_Hmax 

(2)  Slope  of  hei^t  curve  of  maxhnum 
ionization  as  a  function  of  meteor 
speed,  if  m_Hmax  >  0  and  b_Hmax  >  0 

(3)  Coefficient  on  the  logic  of  meteor 
speed  for  the  height  curve  of  maximum 
ionization,  if  m  Hmax  >  0  and 
b_Hmax  <  0 

const  float  b_Hmax  =  -3.3; .  Version  1.0:  Intercept  of  height  curve  of  maxunum 

ionization 

Version  l.OV:  (1)  height  of  maximum  ionization  if 
m_Hmax  =  0 

(2)  Intercept  of  height  curve  of  maximum 
ionization  as  a  function  of  meteor 
speed,  if  m  Hmax  >  0  and  b  Hmax  >  0 

(3)  Coefficient  on  the  logic  of  maximum 
electron  line  density  for  the  height 
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curve  of  maximxim  ionization,  if 
mJHmax  >  0  and  b  Hmax  <  0 

const  float  qO  MAX  =  l.OelS;  . Both  versions:  maximum  electron  line  density  considered 

const  float  EXP  thr  =1.0;  .  Both  versions:  absent  algorithm  (unused) 

const  float  m_eRo  =7.35e6;  .  Version  1.0:  slope  of  meteor  height  dependence  as 

exponent  on  10  used  to  compute  the  initial 
trail  radius  (height  in  kilometers) 

Version  l.OV:  Constant  multiplier  for  initial  radus 
expression 

const  float  b_eRo  =  1.0; .  Version  1.0:  Intercept  of  meteor  height  dependence 

as 

exponent  on  10  used  to  compute  the  initial 
trail  radius  (height  in  kilometers) 

Version  l.OV:  E^qponent  on  meteor  speed  (cm/s)  used  in 
the  expression  for  initial  radius 

const  float  m_eD  =  0.0225; . Both  versions:  slope  of  meteor  hei^t  dependence  as 

exponent  on  10  used  to  compute  the 
ambipolar  diffusion  rate  (height  in 
kilometers) 

const  float  b_eD  =  -1.40; . Both  versions:  intercept  of  meteor  height  dependence  as 

exponent  on  10  used  to  compute  the 
ambipolar  diffusion  rate  (height  in 
kilometers) 

const  int  NLTA  smp  =25;  . Both  versions:  number  of  attachment  spline  samples 

const  float  Be_Nm  =  0.25;  . Both  versions:  attachment  factor  on  q 

const  int  SLRmin_yr  =  1974; . Both  versions:  base  year  for  solar  cycle  scaling 

const  float  SLRavg  =1.5; . Both  versions:  average  factor  for  solar  cycle  scaling 

const  float  SLRmax  =  0.5; . Both  versions:  maximum  amplitude  of  assumed 

sinusoidal  solar  cycle  behavior 

const  float  zeta  D  =  1.0; . Both  versions:  underdense  diffusion  rate  scale  factor 

const  float  PLASMA  factor  =  1.0; . Both  versions:  plasma  resonance  amplification  factor 

const  float  CsL_EXP  =  2.40; . Both  versions:  mass-rate  exponent  for  MB  link 

const  float  CsR  EXP  =  1.0; . Version  1.0:  mass-rate  exponent  for  sporadic  flux  radar 

Version  l.OV:  (1)  mass-rate  exponent  is  CsL  EXP  for 
sporadic  flux  on  MB  fink  if 
CsR_EXP>  0.0 

(2)  mass-rate  ejq)onent  varies  with 

elongation  angle  with  CsL  EXP  as  a 
constant  on  the  MB  link  if 
CsR_EXP<  0.0 

const  float  qMI_radar_Epm  =  1.2el3; . Version  1.0:  minimum  radar-detectable  line  density 

Version  l.OV:  miTiimiim  radar-detectable  fine  density 
(imused) 

const  float  Imda  radar  m  =  8.0; . Version  1.0:  radar  signal  wavelength 
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Version  l.OV;  radar  signal  wavelength  (unused) 

const  float  RoMI_radar_m  =  1.2; . Version  1.0:  initial  trail  radius  for  radar-detectable  trails  at 

height  of  maxinium  ionization 

Version  l.OV:  initial  trail  radius  for  radar-detectable  trails 
at  height  of  maximum  ionization  (imused) 

const  float  hMI_radar_km  =  96.0; . Version  1.0:  height  of  maximum  ionization  for  radar- 

detectable  meteor  trails 

Version  l.OV:  height  of  maximum  ionization  for  radar- 
detectable  meteor  trails  (unused) 

const  float  PHASE_shift_dg  =  95.0; . Version  1.0:  phase  shift  for  underdense/overdense 

threshold 

Version  l.OV:  (1)  2.4xl0'"  if  PHASE_shifl_dg  =  0.0 

(2)  phase  shift  for  underdense/overdense 
threshold  if  PHASE_shift_dg  >0.0 

const  float  Q_ERR  =  0.0001; . Both  versions:  error  in  overdense  line  density 

approximation  search  routine 

const  float  t_ERR  =  0.0001; . Both  versions:  error  in  overdense  line  density 

peak-power  time-search  routine 

const  float  mo  =  6.5e-4; . Both  versions:  minimum  detectable  meteor  mass  in 

sporadic  flux  density  distribution 
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8.  APPENDIX  B:  VELOCITY.DAT  INPUT  FILE 


This  appendix  contains  the  VELOCITY.DAT  data  file  providing  values  for  the  meteor  velocity 
number-density  fimction.  These  values  shouldnpt  be  changed  by  the  user. 

//  SPORADIC  METEOR  VELOCITY  DENSITY  VS.  ELONGATION  ANGLE 
// 

//  Elongation  Angle  Bins 
//E_A_Bins  5.0,  15.0,  25.0,  35.0,  45.0, 

//E_A_Bins  55.0,  65.0,  75.0,  85.0,  95.0, 

//E_A_Bins  105.0, 115.0, 125.0, 135.0, 145.0, 

//E_A_Bms  155.0, 165.0, 175.0, 


//  Meteor-Speed  Bins 

//M_S_Bins  11.0, 13.0, 15.0, 17.0, 19.0,  21.0, 23.0, 25.0, 27.0, 29.0,  31.0, 33.0, 
//M_S_Bins  35.0,  37.0, 39.0,  41.0,  43.0,  45.0, 47.0,  49.0, 51.0,  53.0,  55.0,  57.0, 
//M_S_Bins  59.0,  61.0,  63.0,  65.0,  67.0,  69.0, 71.0, 73.0, 


//  Meteor  Speed  Density  Values 

//  Each  column  represents  a  single  density  function 

//  Each  row  corresponds  to  the  various  elongation-angle  values 

//  11-13  km/sec 

0.0,  0.0,  0.0,  0.0,  0.0,  0.0,  0.0,  0.0,  0.1, 

0.1,  0.1,  0.1,  0.1,  0.1,  0.1,  0.1,  0.1,  0.0, 

//  13-15  km/sec 

0.0,  0.0,  0.0,  0.0,  0.8,  2.7,  4.2,  5.0,  5.4, 

6.0,  6.3,  6.4,  6.9,  6.9, 7.0,  7.9, 10.5, 8.5, 

//  15-17  km/sec 

0.0,  0.0,  0.1,  2.4, 8.6, 10.8, 11.1, 11.8, 13.2, 

16.6, 19.9,  22.7,  26.6,  32.0,  40.4,  56.2,  89.4,  91.4, 

//  17-19  km/sec 

0.0,  0.0,  0.8,  3.0,  9.4, 12.6, 13.2, 14.0, 15.4, 

19.0,  23.8,  29.8,  37.3,  48.3,  52.5,  35.9,  0.0,  0.0, 

//  19-21  km/sec 

0.0,  0.2,  0.7,  3.0,  6.7,  8.9, 10.6, 12.7, 15.2, 

19.1,  22.9,  27.3,  29.2, 12.7, 0.0,  0.0,  0.0,  0.0, 

//  21-23  km/sec 

0.0,  0.2,  0.5, 1.2,  3.8,  6.3,  8.5, 11.2, 13.7, 

16.5, 17.1, 13.7,  0.0,  0.0,  0.0,  0.0,  0.0, 0.0, 

//  23-25  km/sec 

0.0,  0.1,  0.1,  0.8,  2.8,  4.5,  6.2,  8.9, 11.4, 

12.1,  8.5,  0.0,  0.0,  0.0,  0.0,  0.0,  0.0,  0.0, 

//  25-27  km/sec 

0.0,  0.0,  0.2,  0.7,  2.3,  3.6,  4.8,  6.8,  8.6, 
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6.8, 1.4,  0.0,  0.0,  0.0,  0.0,  0.0,  0.0,  0.0, 
//  27-29  km/sec 

0.0,  0.0,  0.1,  0.6, 1.9,  3.0,  4.1,  5.5,  6.5, 
2.9, 0.0, 0.0,  0.0,  0.0, 0.0,  0.0, 0.0, 0.0, 
//  29-31  km/sec 

0.0,  0.0,  0.2,  0.7, 1.9,  2.8, 3.7,  4.9,  4.9, 
1.0,  0.0,  0.0,  0.0,  0.0,  0.0,  0.0,  0.0,  0.0, 
//  31-33  km/sec 

0.0, 0.0, 0.1,  0.6,  2.1, 3.0, 3.6,  4.5, 3.5, 
0.0,  0.0, 0.0,  0.0,  0.0,  0.0,  0.0,  0.0, 0.0, 
//  33-35  km/sec 

0.0,  0.0,  0.1,  0.4,  2.1,  3.3, 3.7,  4.3,  2.1, 
0.0,  0.0,  0.0,  0.0,  0.0,  0.0,  0.0,  0.0,  0.0, 
//  35-37  km/sec 

0.0,  0.0,  0.0,  0.4,  2.1,  3.7,  4.0,  4.1, 0.0, 
0.0,  0.0,  0.0,  0.0,  0.0, 0.0,  0.0,  0.0,  0.0, 
//  37-39  km/sec 

0.0,  0.0,  0.0,  0.4,  2.1,  4.2,  4.3,  3.8,  0.0, 
0.0,  0.0,  0.0,  0.0,  0.0,  0.0, 0.0,  0.0,  0.0, 
//  39-41  km/sec 

0.0,  0.0,  0.0,  0.3,  2.0,  4.6,  4.7,  2.5,  0.0, 
0.0, 0.0,  0.0,  0.0,  0.0, 0.0, 0.0,  0.0,  0.0, 
//  41-43  km/sec 

0.0,  0.0,  0.1,  0.3, 1.9,  4.8,  5.0, 0.0,  0.0, 
0.0,  0.0,  0.0,  0.0,  0.0,  0.0,  0.0,  0.0,  0.0, 
//  43-45  km/sec 

0.0,  0.1,  0.2,  0.5,  2.0,  4.7,  4.8,  0.0,  0.0, 
0.0,  0.0,  0.0,  0.0,  0.0,  0.0, 0.0,  0.0,  0.0, 
//  45-47  km/sec 

0.0,  0.2,  0.3,  0.9,  2.4,  4.5,  3.2,  0.0,  0.0, 
0.0,  0.0,  0.0,  0.0,  0.0,  0.0, 0.0,  0.0,  0.0, 
//  47-49  km/sec 

0.1,  0.3,  0.6, 1.5,  3.1,  4.3,  0.0,  0.0,  0.0, 
0.0,  0.0,  0.0,  0.0,  0.0,  0.0,  0.0,  0.0,  0.0, 
//  49-51  km/sec 

0.2,  0.6, 1.1,  2.5,  4.3,  4.3, 0.0, 0.0,  0.0, 
0.0,  0.0,  0.0,  0.0,  0.0,  0.0,  0.0,  0.0,  0.0, 
//  51-53  km/sec 

0.4, 1.2, 1.9,  4.0,  6.1,  3.6,  0.0,  0.0,  0.0, 
0.0,  0.0,  0.0,  0.0,  0.0,  0.0, 0.0,  0.0,  0.0, 
//  53-55  km/sec 

0.7, 2.0,  3.1,  6.1,  8.5,  0.0, 0.0, 0.0, 0.0, 
0.0,  0.0,  0.0,  0.0,  0.0,  0.0,  0.0,  0.0,  0.0, 
//  55-57  km/sec 


1.3,  3.2,  4.9,  9.0, 11.1,  0.0,  0.0,  0.0,  0.0, 

0.0, 0.0, 0.0,  0.0,  0.0, 0.0,  0.0, 0.0, 0.0, 

//  57-59  km/sec 

2.4,  4.9, 7.3, 12.7, 12.0, 0.0,  0.0,  0.0,  0.0, 

0.0,  0.0,  0.0,  0.0,  0.0,  0.0,  0.0,  0.0,  0.0, 

//  59-61  km/sec 

4.2, 7.3, 10.2, 16.7, 0.0,  0.0,  0.0,  0.0,  0.0, 

0.0, 0.0,  0.0,  0.0,  0.0,  0.0,  0.0,  0.0, 0.0, 

//  61-63  km/sec 

6.8, 10.2, 13.7, 19.1, 0.0, 0.0,  0.0,  0.0, 0.0, 

0.0, 0.0,  0.0,  0.0,  0.0, 0.0,  0.0, 0.0, 0.0, 

//  63-65  km/sec 

10.4, 13.6, 17.2, 12.1, 0.0,  0.0, 0.0, 0.0, 0.0, 

0.0, 0.0,  0.0,  0.0, 0.0, 0.0, 0.0, 0.0, 0.0, 

//  65-67  km/sec 

14.8. 16.7. 19.4,  0.0,  0.0,  0.0,  0.0,  0.0,  0.0, 

0.0,  0.0,  0.0,  0.0,  0.0,  0.0,  0.0,  0.0,  0.0, 

//  67-69  km/sec 

19.0, 18.2, 17.2, 0.0,  0.0, 0.0,  0.0, 0.0,  0.0, 

0.0,  0.0,  0.0,  0.0,  0.0,  0.0,  0.0,  0.0,  0.0, 

//  69-71  km/sec 

20.9. 15.4,  0.0, 0.0,  0.0,  0.0,  0.0,  0.0,  0.0, 

0.0,  0.0,  0.0,  0.0,  0.0,  0.0,  0.0, 0.0,  0.0, 

//  71-73  km/sec 

16.4,  5.5,  0.0,  0.0,  0.0,  0.0,  0.0,  0.0,  0.0, 

0.0,  0.0,  0.0,  0.0,  0.0,  0.0,  0.0,  0.0,  0.0, 

//  73-75  km/sec 

2.3,  0.0,  0.0,  0.0,  0.0,  0.0,  0.0, 0.0,  0.0, 

0.0,  0.0,  0.0,  0.0,  0.0,  0.0,  0.0,  0.0,  0.0 


9.  APPENDIX  C:  MOFLUX.DAT  INPUT  FILE 


This  appendix  contains  the  MOFLUX.DAT  data  file  providing  values  for  the  q)oradic  meteor  flux 
density  distribution  for  meteors  exceeding  massn^o-  These  values  idiould  not  be  changed  by  the  user. 

//  Monthly  Sporadic  Meteor  Flux  Density  in  Meteors  /  km2  *  hr  *  sr 
// 

//JANUARY 

//  80-90  North  Ecliptic  Latitude 

4.4,  4.4,  4.4,  4.4,  4.4,  4.4,  4.4,  4.4,  4.4,  4.4,  4.4,  4.4, 

4.4,  4.4,  4.4,  4.4,  4.4,  4.4,  4.4,  4.4,  4.4,  4.4,  4.4,  4.4, 

4.4,  4.4,  4.4,  4.4,  4.4,  4.4,  4.4,  4.4,  4.4,  4.4,  4.4,  4.4, 

4.4,  4.4,  4.4,  4.4,  4.4,  4.4,  4.4,  4.4,  4.4,  4.4,  4.4,  4.4, 

//  65-80  North  Ecliptic  Latitude 

4.0, 1.8, 1.8, 1.8, 1.8, 1.8, 1.8, 1.8, 1.8, 3.0,  3.0, 3.0, 

3.0,  3.0,  3.0, 3.0,  3.0,  2.9,  2.9,  2.9,  2.9, 2.9,  2.9, 2.9, 

2.9,  2.7, 2.7, 2.7, 2.7,  2.7,  2.7, 2.7, 2.7, 1.3, 1.3, 1.3, 

1.3. 1.3. 1.3. 1.3. 1.3,  4.0,  4.0,  4.0,  4.0,  4.0,  4.0,  4.0, 

//  50-65  North  Ecliptic  Latitude 

2.4,  5.8,  5.8,  5.8,  5.8,  2.3,  2.3,  2.3,  2.3, 1.3, 1.3, 1.3, 

1.3,  4.3,  4.3,  4.3,  4.3, 11.3, 11.3, 11.3, 11.3,  6.2,  6.2,  6.2, 

6.2,  6.2,  6.2,  6.2,  6.2, 1.6, 1.6, 1.6, 1.6, 1.1, 1.1, 1.1, 

I. 1, 1.2, 1.2, 1.2, 1.2,  2.1,  2.1,  2.1,  2.1,  2.4, 2.4, 2.4, 

//  35-50  North  Ecliptic  Latitude 

2.1,  2.1,  2.1, 2.4,  2.4,  2.4, 1.9, 1.9, 1.9,  0.9, 0.9, 0.9, 

0.7,  0.7,  0.7,  2.8,  2.8,  2.8, 13.3, 13.3, 13.3,  24.3,  24.3,  24.3, 

18.6. 18.6. 18.6. 10.4. 10.4. 10.4,  3.3,  3.3,  3.3, 1.7, 1.7, 1.7, 

0.4,  0.4,  0.4,  0.3,  0.3,  0.3,  0.2,  0.2,  0.2, 0.6,  0.6, 0.6, 

//  20-35  North  Ecliptic  Latitude 

0.3, 0.3, 0.3, 0.6,  0.6, 0.6, 1.2, 1.2, 1.2, 1.5, 1.5, 1.5, 

2.0,  2.0,  2.0,  4.0,  4.0,  4.0, 19.9, 19.9, 19.9, 15.3, 15.3, 15.3, 

31.7,  31.7,  31.7,  26.7,  26.7,  26.7,  6.5,  6.5,  6.5,  4.1,  4.1,  4.1, 

0.9,  0.9,  0.9,  0.0,  0.0,  0.0 , 0.1,  0.1, 0.1,  0.1,  0.1,  0.1, 

//  0-20  North  Ecliptic  Latitude 

0.0,  0.0,  0.0,  0.4,  0.4, 1.0, 1.0,  3.9,  3.9,  2.6,  2.6,  4.3, 

4.3,  7.3,  7.3, 10.2, 10.2, 14.4, 14.4,  48.9,  48.9, 31.2, 31.2,  26.7, 

26.7,  71.5,  71.5,  20.2,  20.2,  8.7, 8.7, 10.7, 10.7,  5.9,  5.9,  5.5, 

5.5,  2.6,  2.6,  2.1,  2.1,  0.0,  0.0,  0.0,  0.0, 0.0,  0.0, 0.0 
//  0-20  South  Eclptic  Latitude 

0.0,  0.2,  0.2,  0.6,  0.6,  0.5,  0.5, 1.6, 1.6,  4.1,  4.1, 8.6, 

8.6,  20.2,  20.2,  47.8,  47.8,  25.7,  25.7,  54.6,  54.6,  21.8,  21.8,  21.8, 

21.8,  59.7,  59.7,  29.5,  29.5, 12.0, 12.0,  4.6,  4.6, 13.5, 13.5, 11.5, 

II. 5,  5.5,  5.5,  0.2,  0.2, 0.3,  0.3,  0.0,  0.0,  0.0,  0.0, 0.0, 

//  20-35  South  Eclptic  Latitude 
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0.0,  0.0,  0.0,  0.4, 0.4,  0.4,  0.3,  0.3,  0.3, 11.0, 11.0, 11.0, 

16.3. 16.3. 16.3,  31.0,  31.0,  31.0,  21.0,  21.0,  21.0,  20.9,  20.9,  20.9, 

17.9. 17.9. 17.9. 14.4. 14.4. 14.4,  59.9,  59.9,  59.9,  6.0,  6.0,  6.0, 

2.4, 2.4, 2.4, 1.6, 1.6, 1.6, 0.4, 0.4, 0.4, 0.2, 0.2,  0.2, 

//  35-50  South  Eclptic  Latitude 

0.1, 0.1,  0.1,  0.0,  0.0,  0.0,  0.9,  0.9,  0.9,  2.7, 2.7,  2.7, 

1.8. 1.8. 1.8. 3.9,  3.9,  3.9, 16.2, 16.2, 16.2,  54.4,  54.4,  54.4, 

86.3,  86.3,  86.3,  51.0,  51.0,  51.0,  8.8,  8.8,  8.8,  5.1,  5.1,  5.1, 

0.2,  0.2,  0.2,  0.9,  0.9,  0.9,  0.2,  0.2,  0.2,  0.9,  0.9,  0.9, 

//  50-65  South  Eclptic  Latitude 

0.3, 0.5,  0.5,  0.5,  0.5,  0.3,  0.3,  0.3,  0.3, 0.6,  0.6,  0.6, 

0.6, 3.1, 3.1, 3.1, 3.1,  9.9,  9.9,  9.9,  9.9, 24.4,  24.4, 24.4, 

24.4, 32.0, 32.0, 32.0,  32.0,  66.4,  66.4,  66.4,  66.4,  2.2, 2.2, 2.2, 

2.2, 0.4, 0.4, 0.4, 0.4,  4.2,  4.2,  4.2,  4.2,  0.3, 0.3, 0.3, 

//  65-80  South  Eclptic  Latitude 

2.0, 1.6, 1.6, 1.6, 1.6, 1.6, 1.6, 1.6, 1.6, 0.7, 0.7, 0.7, 

0.7, 0.7,  0.7,  0.7,  0.7,  3.4,  3.4,  3.4,  3.4,  3.4,  3.4,  3.4, 

3.4,  7.0,  7.0,  7.0,  7.0,  7.0,  7.0,  7.0,  7.0,  2.9,  2.9, 2.9, 

2.9,  2.9,  2.9,  2.9,  2.9,  2.0,  2.0,  2.0,  2.0,  2.0,  2.0,  2.0, 

//  80-90  South  Eclptic  Latitude 

3.5,  3.5,  3.5, 3.5,  3.5,  3.5,  3.5,  3.5,  3.5,  3.5,  3.5,  3.5, 

3.5,  3.5,  3.5,  3.5,  3.5,  3.5,  3.5,  3.5,  3.5,  3.5,  3.5,  3.5, 

3.5. 3.5,  3.5,  3.5,  3.5, 3.5,  3.5,  3.5,  3.5,  3.5, 3.5, 3.5, 

3.5, 3.5,  3.5,  3.5,  3.5, 3.5,  3.5,  3.5,  3.5,  3.5, 3.5,  3.5, 

//FEBRUARY 

//  80-90  North  Ecliptic  Latitude 

2.2,  2.2,  2.2,  2.2,  2.2,  2.2,  2.2,  2.2,  2.2,  2.2,  2.2,  2.2, 

2.2,  2.2,  2.2,  2.2,  2.2,  2.2,  2.2,  2.2,  2.2,  2.2,  2.2,  2.2, 

2.2,  2.2,  2.2,  2.2,  2.2,  2.2,  2.2,  2.2,  2.2,  2.2,  2.2, 2.2, 

2.2,  2.2,  2.2,  2.2,  2.2,  2.2,  2.2,  2.2,  2.2,  2.2,  2.2,  2.2, 

//  65-80  North  Ecliptic  Latitude 

1.6. 1.6. 1.6,  2.2,  2.2,  2.2,  2.2,  2.2,  2.2,  2.2,  2.2, 3.8, 

3.8. 3.8. 3.8. 3.8,  3.8, 3.8,  3.8,  2.9,  2.9,  2.9,  2.9,  2.9, 

2.9,  2.9,  2.9, 2.0,  2.0,  2.0,  2.0,  2.0,  2.0,  2.0,  2.0,  2.6, 

2.6. 2.6,  2.6,  2.6,  2.6, 2.6,  2.6, 1.6, 1.6, 1.6, 1.6, 1.6, 

//  50-65  North  Ecliptic  Latitude 

1.3, 1.3, 1.3, 1.4, 1.4, 1.4, 1.4, 1.1, 1.1, 1.1, 1.1,  2.9, 

2.9,  2.9,  2.9,  6.0,  6.0,  6.0,  6.0,  6.0,  6.0,  6.0,  6.0,  5.8, 

5.8,  5.8,  5.8, 2.4, 2.4, 2.4,  2.4, 0.9, 0.9,  0.9,  0.9, 0.8, 

0.8,  0.8,  0.8, 1.2, 1.2, 1.2, 1.2, 1.2, 1.2, 1.2, 1.2, 1.3, 

//  35-50  North  Ecliptic  Latitude 

1.2, 1.2, 1.2,  0.5, 0.5,  0.5, 1.0, 1.0, 1.0, 1.0, 1.0, 1.0, 

2.5,  2.5,  2.5, 10.2, 10.2, 10.2, 17.1, 17.1, 17.1,  20.9,  20.9,  20.9, 

9.3,  9.3,  9.3,  4.8,  4.8,  4.8,  0.4,  0.4,  0.4,  0.4, 0.4,  0.4, 
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0.2,  0.2, 0.2, 1.3, 1.3, 1.3, 1.2, 1.2, 1.2, 1.2, 1.2, 1.2, 

//  20-35  North  Ecliptic  Latitude 

1.0, 1.0, 1.0, 1.1, 1.1, 1.1, 1.2, 1.2, 1.2,  2.1,  2.1,  2.1, 

3.7,  3.7,  3.7, 12.7, 12.7, 12.7, 10.9, 10.9, 10.9,  33.9,  33.9, 33.9, 

14.4. 14.4. 14.4,  9.9,  9.9,  9.9,  5.5,  5.5,  5.5,  3.1,  3.1,  3.1, 

0.5,  0.5,  0.5,  0.2,  0.2,  0.2,  0.2,  0.2,  0.2,  0.3,  0.3,  0.3, 

//  0-20  North  Ecliptic  Latitude 

0.7,  0.3,  0.3,  0.5,  0.5, 1.4, 1.4, 1.4, 1.4,  3.2,  3.2,  5.9, 

5.9,  7.8,  7.8,  25.3,  25.3, 19.7, 19.7, 15.5, 15.5,  25.6,  25.6, 32.5, 

32.5,  7.1,  7.1,  6.7,  6.7, 13.6, 13.6,  6.8,  6.8, 3.7,  3.7,  0.9, 

0.9,  0.2,  0.2,  0.2,  0.2,  0.1,  0.1,  0.1,  0.1,  0.7,  0.7, 0.7, 

//  0-20  South  Ecliptic  Latitude 

0.3,  0.3,  0.3,  0.6,  0.6,  0.1,  0.1,  6.9,  6.9, 14.6, 14.6,  8.0, 

8.0,  22.6,  22.6, 14.0, 14.0,  8.5, 8.5, 18.7, 18.7,  33.8,  33.8,  7.3, 

7.3. 1.9. 1.9,  2.7,  2.7, 10.4, 10.4,  2.2,  2.2,  3.3,  3.3,  0.9, 

0.9,  0.0,  0.0,  0.1,  0.1,  0.1,  0.1,  0.2,  0.2,  0.3,  0.3,  0.3, 

//  20-35  South  Ecliptic  Latitude 

0.1,  0.1,  0.1,  0.3,  0.3,  0.3,  3.9,  3.9,  3.9,  8.8,  8.8,  8.8, 

5.2,  5.2,  5.2,  5.1,  5.1,  5.1, 10.9, 10.9, 10.9, 16.6, 16.6, 16.6, 

91.5,  91.5,  91.5, 0.9,  0.9, 0.9,  3.3, 3.3, 3.3,  0.4,  0.4,  0.4, 

0.1,  0.1,  0.1,  0.0,  0.0,  0.0,  0.0, 0.0,  0.0,  0.1,  0.1,  0.1, 

//  35-50  South  Ecliptic  Latitude 

0.0,  0.0,  0.0, 0.0,  0.0,  0.0,  0.0,  0.0,  0.0,  0.0,  0.0,  0.0, 

0.2,  0.2,  0.2,  3.3,  3.3,  3.3,  27.7,  27.7,  27.7,  53.8,  53.8,  53.8, 

22.2,  22.2,  22.2, 3.2,  3.2, 3.2,  0.0,  0.0, 0.0,  0.1,  0.1,  0.1, 

0.0,  0.0,  0.0,  0.0,  0.0,  0.0,  0.0,  0.0,  0.0,  0.0,  0.0,  0.0, 

//  50-65  South  Ecliptic  Latitude 

0.0,  0.0,  0.0,  0.0,  0.0,  0.0,  0.0,  0.0,  0.0,  0.0,  0.0, 0.8, 

0.8,  0.8,  0.8,  0.7,  0.7,  0.7,  0.7,  2.3,  2.3,  2.3,  2.3, 35.4, 

35.4,  35.4,  35.4,  50.0,  50.0,  50.0,  50.0,  0.0, 0.0, 0.0,  0.0,  0.0, 

0.0,  0.0,  0.0,  0.1,  0.1,  0.1,  0.1,  0.0,  0.0,  0.0,  0.0, 0.0, 

//  65-80  South  Ecliptic  Latitude 

0.0,  0.0,  0.0,  0.0,  0.0,  0.0,  0.0,  0.0,  0.0, 0.0,  0.0,  0.0, 

0.0,  0.0,  0.0,  0.0,  0.0,  0.0,  0.0,  0.3,  0.3,  0.3,  0.3,  0.3, 

0.3,  0.3,  0.3,  0.0,  0.0,  0.0,  0.0,  0.0,  0.0,  0.0,  0.0,  0.0, 

0.0,  0.0,  0.0,  0.0,  0.0,  0.0,  0.0,  0.0,  0.0,  0.0,  0.0,  0.0, 

//  80-90  South  Ecliptic  Latitude 

0.0,  0.0,  0.0,  0.0,  0.0,  0.0,  0.0,  0.0,  0.0,  0.0,  0.0,  0.0, 

0.0,  0.0,  0.0,  0.0,  0.0,  0.0,  0.0,  0.0,  0.0,  0.0,  0.0,  0.0, 

0.0,  0.0,  0.0,  0.0,  0.0,  0.0,  0.0,  0.0,  0.0,  0.0,  0.0, 0.0, 

0.0,  0.0,  0.0,  0.0,  0.0,  0.0,  0.0,  0.0,  0.0,  0.0,  0.0, 0.0, 

//MARCH 

//  80-90  North  Ecliptic  Latitude 

1.6, 1.6, 1.6, 1.6, 1.6, 1.6, 1.6, 1.6, 1.6, 1.6, 1.6, 1.6, 
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1.6, 1.6, 1.6, 1.6, 1.6, 1.6, 1.6, 1.6, 1.6, 1.6, 1.6, 1.6, 

1.6, 1.6, 1.6, 1.6, 1.6, 1.6, 1.6, 1.6, 1.6, 1.6, 1.6, 1.6, 

1.6, 1.6, 1.6, 1.6, 1.6, 1.6, 1.6, 1.6, 1.6, 1.6, 1.6, 1.6, 

//  65-80  North  Ecliptic  Latitude 

1.6, 1.6, 1.6, 1.6, 1.6, 1.6, 1.6,  2.2, 2.2,  2.2, 2.2,  2.2, 

2.2,  2.2,  2.2,  7.8,  7.8,  7.8,  7.8,  7.8,  7.8,  7.8,  7.8,  4.7, 

4.7,  4.7,  4.7,  4.7,  4.7,  4.7,  4.7,  0.3, 0.3,  0.3, 0.3,  0.3, 

0.3,  0.3,  0.3, 1.0, 1.0, 1.0, 1.0, 1.0, 1.0, 1.0, 1.0, 1.6, 

//  50-65  North  EcUptic  Latitude 

0.5,  0.5,  0.5,  2.8,  2.8,  2.8,  2.8,  2.2, 2.2,  2.2, 2.2,  4.5, 

4.5, 4.5,  4.5,  7.8,  7.8,  7.8,  7.8, 12.4, 12.4, 12.4, 12.4, 18.4, 

18.4. 18.4. 18.4. 3.9. 3.9,  3.9,  3.9, 1.4, 1.4, 1.4, 1.4, 0.3, 

0.3, 0.3, 0.3, 0.5, 0.5, 0.5, 0.5, 1.3, 1.3, 1.3, 1.3, 0.5, 

//  35-50  North  Echptic  Latitude 

2.4, 2.4, 1.9, 1.9, 1.9, 1.4, 1.4, 1.4, 1.0, 1.0, 1.0, 3.0, 

3.0,  3.0,  5.1,  5.1,  5.1,  21.2,  21.2,  21.2,  24.3,  24.3,  24.3,  23.6, 

23.6,  23.6, 13.3, 13.3, 13.3,  6.7,  6.7,  6.7, 1.6, 1.6, 1.6,  2.4, 

2.4,  2.4, 1.4, 1.4, 1.4,  0.8,  0.8,  0.8,  5.6,  5.6,  5.6,  2.4, 

//  20-35  North  Ecliptic  Latitude 

2.0, 2.0, 1.0, 1.0, 1.0,  0.5,  0.5,  0.5, 1.6, 1.6, 1.6,  2.5, 

2.5,  2.5,  3.5,  3.5,  3.5,  5.1,  5.1,  5.1, 7.6,  7.6, 7.6,  23.5, 

23.5, 23.5, 10.3, 10.3, 10.3, 15.1, 15.1, 15.1,  5.1,  5.1,  5.1, 1.7, 

1.7, 1.7, 1.8, 1.8, 1.8,  0.6,  0.6,  0.6, 2.2,  2.2,  2.2,  2.2, 

//  0-20  North  Echptic  Latitude 

0.3, 0.3,  0.3,  0.1, 0.1, 0.1,  0.1,  0.5,  0.5, 1.6, 1.6,  5.0, 

5.0,  6.1,  6.1,  9.0,  9.0, 18.8, 18.8, 11.7, 11.7,  5.1,  5.1, 10.5, 

10.5,  38.1,  38.1,  24.3,  24.3,  21.5,  21.5,  20.9,  20.9, 10.2, 10.2,  6.6, 

6.6. 13.6. 13.6,  0.2,  0.2,  0.1,  0.1,  0.1,  0.1,  0.3,  0.3,  0.3, 

//  0-20  South  Ecliptic  Latitude 

0.1,  0.2,  0.2,  0.0,  0.0,  0.0,  0.0,  0.5, 0.5,  5.5,  5.5,  8.4, 

8.4,  22.2,  22.2,  21.0,  21.0,  42.1,  42.1,  53.0,  53.0,  27.3,  27.3,  70.0, 
70.0, 13.5, 13.5,  3.6, 3.6,  4.9,  4.9,  9.6,  9.6,  2.7, 2.7,  2.6, 

2.6,  0.2,  0.2,  0.0,  0.0,  0.0,  0.0,  0.0, 0.0,  0.3, 0.3,  0.1, 

//  20-35  South  Ecliptic  Latitude 

0.0,  0.0,  0.0,  0.0,  0.0, 0.0,  0.0,  0.0, 1.4, 1.4, 1.4, 14.1, 

14.1. 14.1. 15.9. 15.9. 15.9,  61.3,  61.3,  61.3,  72.1,  72.1, 72.1,  5.5, 

5.5,  5.5,  4.4,  4.4,  4.4,  8.1,  8.1,  8.1,  8.0,  8.0,  8.0,  0.4, 

0.4,  0.4,  0.0,  0.0,  0.0,  0.0,  0.0,  0.0, 0.0,  0.0, 0.0,  0.0, 

//  35-50  South  EcUptic  Latitude 

0.0, 0.0, 0.0,  0.0, 0.0, 0.0,  0.0,  0.0, 0.0, 0.0, 0.0, 0.0, 

0.0,  0.0,  6.1,  6.1,  6.1,  64.5,  64.5,  64.5, 10.8, 10.8, 10.8, 11.6, 

11.6. 11.6,  6.2,  6.2,  6.2, 1.2, 1.2, 1.2,  0.8, 0.8, 0.8, 1.6, 

1.6, 1.6,  0.1,  0.1,  0.1,  0.7,  0.7,  0.7, 0.1,  0.1,  0.1,  0.0, 

//  50-65  South  Ecliptic  Latitude 
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1.8. 1.8. 1.8,  0.1,  0.1,  0.1,  0.1,  0.2,  0.2,  0.2,  0.2,  4.0, 

4.0,  4.0,  4.0,  6.3,  6.3,  6.3,  6.3,  21.4,  21.4,  21.4,  21.4,  0.0, 

0.0,  0.0,  0.0, 1.6, 1.6, 1.6, 1.6,  0.2, 0.2, 0.2, 0.2,  0.9, 

0.9, 0.9,  0.9,  0.6,  0.6,  0.6,  0.6, 1.3, 1.3, 1.3, 1.3, 1.8, 

//  65-80  South  Ecliptic  Latitude 

1.0, 1.0, 1.0, 1.0, 1.0, 1.0, 1.0, 1.0, 12.1, 12.1, 12.1, 12.1, 

12.1. 12.1. 12.1. 12.1,  5.0,  5.0,  5.0,  5.0,  5.0,  5.0,  5.0,  22.6, 

22.6. 22.6,  22.6,  22.6,  22.6,  22.6, 22.6, 3.8,  3.8, 3.8, 3.8, 3.8, 

3.8. 3.8,  3.8,  3.8,  8.3,  8.3,  8.3,  8.3,  8.3, 8.3,  8.3,  8.3, 

//  80-90  South  Ecliptic  Latitude 

1.1. 1.1. 1.1. 1.1. 1.1. 1.1. 1.1. 1.1. 1.1. 1.1. 1.1. 1.1, 

1.1, 1.1, 1.1, 1.1, 1.1, 1.1, 1.1, 1.1, 1.1, 1.1, 1.1, 1.1, 

1.1, 1.1, 1.1, 1.1, 1.1, 1.1, 1.1, 1.1, 1.1, 1.1, 1.1, 1.1, 

1.1, 1.1, 1.1, 1.1, 1.1, 1.1, 1.1, 1.1, 1.1, 1.1, 1.1, 1.1, 

//APRIL 

//  80-90  North  Ecliptic  Latitude 

0.6, 0.6,  0.6,  0.6,  0.6,  0.6,  0,6,  0.6,  0.6,  0.6,  0.6,  0.6, 

0.6, 0.6,  0.6,  0.6,  0.6,  0.6,  0.6,  0.6,  0.6,  0.6,  0.6,  0.6, 

0.6, 0.6,  0.6,  0.6,  0.6,  0.6, 0.6,  0.6, 0.6,  0.6,  0.6,  0.6, 

0.6, 0.6, 0.6, 0.6, 0.6, 0.6, 0.6, 0.6, 0.6, 0.6, 0.6,  0.6, 

//  65-80  North  Ecliptic  Latitude 

1.2. 1.2. 1.2. 1.2. 1.2. 1.7. 1.7. 1.7. 1.7. 1.7. 1.7. 1.7, 

1.7,  2.2,  2.2,  2.2,  2.2,  2.2,  2.2,  2.2,  2.2,  2.1,  2.1,  2.1, 

2.1,  2.1,  2.1,  2.1,  2.1,  0.4,  0.4,  0.4,  0.4,  0.4,  0.4,  0.4, 

0.4, 1.6, 1.6, 1.6, 1.6, 1.6, 1.6, 1.6, 1.6, 1.2, 1.2, 1.2, 

//  50-65  North  Ecliptic  Latitude 

1.1,  0.6,  0.6,  0.6,  0.6,  0.8,  0.8,  0.8,  0.8, 1.3, 1.3, 1.3, 

1.3. 3.5,  3.5,  3.5,  3.5,  8.3,  8.3,  8.3,  8.3, 18.3, 18.3, 18.3, 

18.3,  6.5,  6.5,  6.5,  6.5,  2.9,  2.9,  2.9,  2.9, 1.3, 1.3, 1.3, 

1.3,  0.8,  0.8,  0.8,  0.8, 1.6, 1.6, 1.6, 1.6, 1.1, 1.1, 1.1, 

//  35-50  North  Ecliptic  Latitude 

1.5, 1.5, 1.5, 1.9, 1.9, 1.9, 1.0, 1.0, 1.0,  20.1, 20.1,  20.1, 

7.5,  7.5,  7.5,  9.6,  9.6,  9.6, 32.9, 32.9, 32.9,  29.1,  29.1,  29.1, 

21.6,  21.6,  21.6,  8.4, 8.4,  8.4, 3.2,  3.2,  3.2,  3.2,  3.2,  3.2, 

2.2, 2.2,  2.2,  2.8,  2.8,  2.8, 3.2,  3.2,  3.2, 0.8,  0.8,  0.8, 

//  20-35  North  Ecliptic  Latitude 

1.5. 1.5. 1.5,  0.8,  0.8,  0.8, 1.4, 1.4, 1.4,  20.1,  20.1,  20.1, 

3.5,  3.5,  3.5,  5.5,  5.5,  5.5,  9.0,  9.0,  9.0, 34.3, 34.3, 34.3, 

21.3,  21.3,  21.3,  24.7,  24.7,  24.7, 16.8, 16.8, 16.8,  4.1,  4.1,  4.1, 
1.4, 1.4, 1.4,  0.6,  0.6,  0.6,  0.6,  0.6,  0.6,  0.5,  0.5,  0.5, 

//  0-20  North  Ecliptic  Latitude 

0.1, 0.1,  0.1,  0.3,  0.3,  0.5,  0.5, 1.4, 1.4,  3.5,  3.5,  6.3, 

6.3. 13.7. 13.7. 14.8. 14.8,  28.8,  28.8, 11.7, 11.7, 15.6, 15.6,  31.0, 
31.0, 16.8, 16.8,  20.2, 20.2,  23.8,  23.8, 14.0, 14.0, 8.8, 8.8,  2.4, 
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2.4,  0.0,  0.0,  0.0,  0.0,  0.1,  0.1,  0.0,  0.0,  0.0,  0.0,  0.1, 

//  0-20  South  Ecliptic  Latitude 

0.0, 0.0,  0.0,  0.2, 0.2, 1.2, 1.2,  4.0,  4.0, 8.1, 8.1, 12.9, 

12.9. 15.7. 15.7,  38.9, 38.9,  42.8,  42.8,  25.1, 25.1,  42.4,  42.4, 13.6, 

13.6. 13.8. 13.8. 1.9. 1.9. 11.9. 11.9. 19.6. 19.6,  8.2, 8.2,  4.4, 

4.4,  0.3,  0.3,  0.0,  0.0,  0.0,  0.0,  0.0,  0.0,  0.0,  0.0,  0.0, 

//  20-35  South  Ecliptic  Latitude 

0.0, 0.0,  0.0,  0.3, 0.3, 0.3, 3.8, 3.8, 3.8, 1.8, 1.8, 1.8, 

4.7,  4.7,  4.7,  36.2,  36.2,  36.2,  38.6,  38.6, 38.6,  77.0,  77.0,  77.0, 

22.3,  22.3,  22.3,  2.2,  2.2,  2.2, 3.7, 3.7,  3.7, 10.1, 10.1, 10.1, 

0.6,  0.6,  0.6,  0.0,  0.0,  0.0,  0.0,  0.0,  0.0,  0.0,  0.0,  0.0, 

//  35-50  South  Ecliptic  Latitude 

0.0, 0.0, 0.0, 0.0, 0.0, 0.0, 0.1, 0.1, 0.1, 0.0, 0.0, 0.0, 

1.4. 1.4. 1.4. 31.3. 31.3. 31.3. 38.3. 38.3. 38.3. 11.8. 11.8. 11.8, 

5.8,  5.8,  5.8,  0.3, 0.3,  0.3, 1.4, 1.4, 1.4,  5.3,  5.3,  5.3, 

0.2, 0.2,  0.2,  0.0, 0.0, 0.0,  0.0, 0.0, 0.0, 0.0,  0.0,  0.0, 

//  50-65  South  Ecliptic  Latitude 

0.0, 0.7,  0.7,  0.7, 0.7,  0.1,  0.1, 0.1,  0.1, 0.0,  0.0,  0.0, 

0.0, 1.4, 1.4, 1.4, 1.4, 122.7, 122.7, 122.7, 122.7, 123.8, 123.8, 123.8, 
123.8, 1.4, 1.4, 1.4, 1.4,  0.4,  0.4,  0.4,  0.4,  0.9,  0.9,  0.9, 

0.9,  0.2,  0.2,  0.2,  0.2, 1.4, 1.4, 1.4, 1.4,  0.0,  0.0,  0.0, 

//  65-80  South  Ecliptic  Latitude 

0.6,  0.6,  0.6,  0.6,  0.6,  0.8,  0.8,  0.8,  0.8,  0.8,  0.8,  0.8, 

0.8,  0.0,  0.0,  0.0,  0.0,  0.0,  0.0,  0.0,  0.0,  6.3,  6.3,  6.3, 

6.3,  6.3,  6.3,  6.3,  6.3, 3.0, 3.0, 3.0, 3.0, 3.0,  3.0, 3.0, 

3.0,  3.1,  3.1,  3.1,  3.1,  3.1,  3.1, 3.1, 3.1,  0.6,  0.6,  0.6, 

//  80-90  South  Ecliptic  Latitude 

0.0,  0.0,  0.0,  0.0,  0.0,  0.0,  0.0,  0.0,  0.0, 0.0,  0.0,  0.0, 

0.0,  0.0,  0.0,  0.0,  0.0,  0.0,  0.0,  0.0,  0.0,  0.0,  0.0,  0.0, 

0.0,  0.0,  0.0,  0.0,  0.0,  0.0,  0.0,  0.0,  0.0,  0.0,  0.0,  0.0, 

0.0,  0.0,  0.0,  0.0, 0.0,  0.0,  0.0,  0.0,  0.0,  0.0,  0.0,  0.0, 

//MAY 

//  80-90  North  Ecliptic  Latitude 

1.07, 1.07, 1.07, 1.07, 1.07, 1.07, 1.07, 1.07, 1.07, 1.07, 1.07, 1.07, 
1.07, 1.07, 1.07, 1.07, 1.07, 1.07, 1.07, 1.07, 1.07, 1.07, 1.07, 1.07, 
1.07, 1.07, 1.07, 1.07, 1.07, 1.07, 1.07, 1.07, 1.07, 1.07, 1.07, 1.07, 
1.07, 1.07, 1.07, 1.07, 1.07, 1.07, 1.07, 1.07, 1.07, 1.07, 1.07, 1.07, 

//  65-80  North  Ecliptic  Latitude 

2.2,  2.2,  2.2,  2.2,  2.2,  2.0,  2.0,  2.0,  2.0,  2.0,  2.0,  2.0, 

2.0,  4.1,  4.1,  4.1,  4.1,  4.1,  4.1,  4.1,  4.1,  2.4,  2.4,  2.4, 

2.4,  2.4,  2.4,  2.4,  2.4, 1.5, 1.5, 1.5, 1.5, 1.5, 1.5, 1.5, 

1.5. 1.6. 1.6. 1.6. 1.6. 1.6. 1.6. 1.6. 1.6,  2.2,  2.2,  2.2, 

//  50-65  North  Ecliptic  Latitude 

2.6,  2.8,  2.8, 2.8, 2.8, 1.0, 1.0, 1.0, 1.0,  4.3,  4.3,  4.3, 
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4.3,  6.9,  6.9,  6.9,  6.9, 10.1, 10.1, 10.1, 10.1,  6.7,  6.7,  6.7, 

6.7,  4.8,  4.8,  4.8,  4.8,  3.9, 3.9,  3.9,  3.9,  0.9,  0.9,  0.9, 

0.9,  2.6,  2.6,  2.6,  2.6,  0.9,  0.9,  0.9,  0.9,  2.6,  2.6,  2.6, 

//  35-50  North  Ecliptic  Latitude 

2.1,  2.1, 1.1, 1.1, 1.1,  0.7,  0.7,  0.7, 1.7, 1.7, 1.7,  9.0, 

9.0,  9.0, 11.1, 11.1, 11.1, 18.8, 18.8, 18.8,  24.0,  24.0,  24.0,  30.1, 

30.1. 30.1. 16.1. 16.1. 16.1,  8.1,  8.1,  8.1,  3.3,  3.3,  3.3,  2.2, 

2.2,  2.2,  3.7,  3.7,  3.7,  6.6,  6.6,  6.6,  5.6,  5.6,  5.6,  2.1, 

//  20-35  North  EcUptic  Latitude 

0.3,  0.3,  0.1,  0.1,  0.1,  0.5,  0.5,  0.5,  2.6,  2.6,  2.6,  6.3, 

6.3,  6.3, 28.1, 28.1, 28.1,  52.1,  52.1,  52.1,  36.6,  36.6, 36.6, 35.4, 

35.4,  35.4,  27.0,  27.0,  27.0, 18.3, 18.3, 18.3,  3.5,  3.5,  3.5,  3.1, 

3.1,  3.1,  3.3,  3.3,  3.3, 1.8, 1.8, 1.8, 1.5, 1.5, 1.5,  0.3, 

//  0-20  North  Ecliptic  Latitude 

0.0, 0.0,  0.0,  0.1,  0.1,  0.2,  0.2, 0.9,  0.9, 10.8, 10.8, 19.8, 

19.8, 39.8,  39.8,  23.8,  23.8,  27.8,  27.8,  48.5,  48.5,  51.4,  51.4,  47.1, 

47.1,  57.9,  57.9,  35.5,  35.5,  59.4,  59.4,  23.5,  23.5,  7.1,  7.1,  7.3, 

7.3. 1.4. 1.4,  0.8,  0.8,  0.3,  0.3, 0.2,  0.2,  0.1,  0.1,  0.0, 

//  0-20  South  Echptic  Latitude 

0.0,  0.0,  0.0,  0.0,  0.0,  0.0,  0.0,  2.6,  2.6,  7.3,  7.3,  6.2, 

6.2. 17.3. 17.3,  23.2,  23.2,  22.6,  22.6,  29.9,  29.9,  21.7,  21.7, 18.9, 

18.9. 14.2. 14.2,  45.3,  45.3,  45.0,  45.0,  34.6,  34.6, 15.0, 15.0,  6.4, 

6.4. 1.4. 1.4,  0.8,  0.8,  0.1,  0.1,  0.3,  0.3, 0.0,  0.0,  0.0, 

//  20-35  South  Ecliptic  Latitude 

0.0,  0.0,  0.0,  0.0,  0.0,  0.2,  0.2,  0.2,  2.0,  2.0,  2.0, 13.9, 

13.9. 13.9. 27.2,  27.2,  27.2,  23.2,  23.2,  23.2,  55.5,  55.5,  55.5,  39.5, 
39.5,  39.5, 11.7, 11.7, 11.7, 11.9, 11.9, 11.9, 11.2, 11.2, 11.2,  2.7, 

2.7,  2.7,  0.2,  0.2,  0.2, 0.0,  0.0,  0.0,  0.0,  0.0,  0.0,  0.0, 

//  35-50  South  Ecliptic  Latitude 

0.1,  0.1,  0.0,  0.0, 0.0,  0.1,  0.1,  0.1,  0.1,  0.1,  0.1, 1.5, 

1.5. 1.5. 13.1. 13.1. 13.1,  40.9,  40.9,  40.9,  25.7,  25.7,  25.7,  9.3, 

9.3,  9.3,  4.9,  4.9,  4.9, 1.4, 1.4, 1.4,  0.7,  0.7,  0.7,  2.2, 

2.2,  2.2,  0.5,  0.5,  0.5,  0.1,  0.1,  0.1,  0.0,  0.0,  0.0,  0.1, 

//  50-65  South  Echptic  Latitude 

0.5, 1.3, 1.3, 1.3, 1.3, 0.7, 0.7,  0.7,  0.7,  2.8,  2.8,  2.8, 

2.8,  0.9,  0.9,  0.9,  0.9, 23.8,  23.8,  23.8,  23.8,  0.7,  0.7,  0.7, 

0.7, 1.6, 1.6, 1.6, 1.6,  0.8,  0.8,  0.8,  0.8,  0.7,  0.7,  0.7, 

0.7,  0.6,  0.6,  0.6,  0.6,  0.6,  0.6,  0.6,  0.6,  0.5,  0.5,  0.5, 

//  65-80  South  Echptic  Latitude 

1.8. 1.8. 1.8. 1.8. 1.8,  0.0,  0.0,  0.0,  0.0,  0.0,  0.0,  0.0, 

0.0,  0.2,  0.2,  0.2,  0.2,  0.2,  0.2,  0.2,  0.2,  0.8,  0.8,  0.8, 

0.8,  0.8,  0.8,  0.8,  0.8,  0.0, 0.0,  0.0,  0.0,  0.0,  0.0,  0.0, 

0.0, 1.4, 1.4, 1.4, 1.4, 1.4, 1.4, 1.4, 1.4, 1.8, 1.8, 1.8, 

//  80-90  South  Echptic  Latitude 
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5.5,  5.5,  5.5,  5.5,  5.5,  5.5,  5.5,  5.5,  5.5,  5.5,  5.5,  5.5, 

5.5,  5.5,  5.5,  5.5,  5.5,  5.5,  5.5,  5.5,  5.5,  5.5,  5.5,  5.5, 

5.5. 5.5,  5.5,  5.5,  5.5,  5.5,  5.5,  5.5,  5.5,  5.5,  5.5,  5.5, 

5.5,  5.5,  5.5,  5.5,  5.5,  5.5,  5.5,  5.5,  5.5,  5.5,  5.5,  5.5, 

//  JUNE 

//  80-90  North  Ecliptic  Latitude 

0.3,  0.3,  0.3,  0.3,  0.3,  0.3,  0.3,  0.3,  0.3,  0.3,  0.3,  0.3, 

0.3, 0.3,  0.3,  0.3,  0.3,  0.3,  0.3,  0.3,  0.3,  0.3,  0.3,  0.3, 

0.3, 0.3,  0.3,  0.3,  0.3,  0.3,  0.3,  0.3,  0.3,  0.3,  0.3,  0.3, 

0.3,  0.3,  0.3,  0.3,  0.3,  0.3,  0.3,  0.3,  0.3,  0.3,  0.3,  0.3, 

//  65-80  North  Ecliptic  Latitude 

3.3. 3.3,  3.3,  3.3, 3.3,  4.8,  4.8,  4.8,  4.8,  4.8, 4.8,  4.8, 

4.8. 4.3,  4.3,  4.3,  4.3,  4.3,  4.3, 4.3,  4.3, 3.1, 3.1, 3.1, 

3.1. 3.1. 3.1,  3.1, 3.1, 2.2, 2.2, 2.2, 2.2, 2.2, 2.2, 2.2, 

2.2. 2.4. 2.4. 2.4. 2.4. 2.4. 2.4. 2.4. 2.4. 3.3. 3.3. 3.3, 

//  50-65  North  Ecliptic  Latitude 

1.9, 1.9, 1.9, 1.9, 1.9, 2.9,  2.9,  2.9,  2.9,  5.0,  5.0,  5.0, 

5.0,  4.9,  4.9,  4.9,  4.9,  5.3,  5.3,  5.3,  5.3, 10.2, 10.2, 10.2, 

10.2,  9.6,  9.6,  9.6,  9.6, 1.2, 1.2, 1.2, 1.2,  2.7,  2.7, 2.7, 

2.7,  2.0,  2.0,  2.0,  2.0,  4.9,  4.9,  4.9,  4.9, 1.9, 1.9, 1.9, 

//  35-50  North  Ecliptic  Latitude 

0.6,  0.5,  0.5,  0.5,  0.7,  0.7,  0.7, 1.0, 1.0, 1.0,  2.7,  2.7, 

2.7,  6.9,  6.9,  6.9,  23.2,  23.2,  23.2, 13.7, 13.7, 13.7, 16.4, 16.4, 

16.4. 19.5. 19.5. 19.5,  4.4,  4.4,  4.4,  2.2,  2.2,  2.2,  2.2,  2.2, 

2.2,  6.5,  6.5,  6.5,  3.5,  3.5,  3.5,  0.8,  0.8,  0.8,  0.6,  0.6, 

//  20-35  North  Ecliptic  Latitude 

0.2,  0.2,  0.2,  0.2,  0.4, 0.4, 0.4,  0.6,  0.6,  0.6,  7.5,  7.5, 

7.5. 17.5. 17.5. 17.5,  24.0, 24.0, 24.0, 11.3, 11.3, 11.3,  26.7, 26.7, 

26.7,  30.8, 30.8,  30.8, 16.0, 16.0, 16.0, 11.2, 11.2, 11.2,  4.8,  4.8, 

4.8,  4.1,  4.1,  4.1, 0.8,  0.8, 0.8, 0.3,  0.3, 0.3,  0.2,  0.2, 

//  0-20  North  Ecliptic  Latitude 

0.0,  0.1,  0.1,  0.0,  0.0,  0.3, 0.3,  5.4,  5.4,  4.6,  4.6, 13.6, 

13.6,  27.2,  27.2,  33.6,  33.6,  36.6,  36.6, 31.5, 31.5, 12.0, 12.0, 16.1, 

16.1,  28.7,  28.7,  36.0,  36.0,  45.0,  45.0,  31.1,  31.1, 7.2,  7.2,  4.2, 

4.2,  2.6,  2.6,  0.8,  0.8,  0.4,  0.4,  0.1,  0.1,  0.1,  0.1,  0.0, 

//  0-20  South  Ecliptic  Latitude 

0.0,  0.0,  0.0,  0.1,  0.1,  0.6,  0.6,  2.2,  2.2,  4.1,  4.1, 17.5, 

17.5. 12.6. 12.6,  38.3,  38.3,  28.4,  28.4, 12.8, 12.8, 19.2, 19.2,  21.5, 

21.5,  20.7,  20.7,  64.1,  64.1,  60.8,  60.8,  33.4,  33.4, 14.7, 14.7,  6.4, 
6.4,  3.3,  3.3,  0.5,  0.5,  0.1,  0.1,  0.0,  0.0,  0.0,  0.0,  0.0, 

//  20-35  South  Ecliptic  Latitude 

0.2,  0.3,  0.3,  0.3,  0.6, 0.6,  0.6,  3.7,  3.7, 3.7, 10.4, 10.4, 

10.4. 19.8. 19.8. 19.8,  21.5,  21.5,  21.5, 31.9, 31.9, 31.9, 12.0, 12.0, 
12.0, 15.3, 15.3, 15.3, 12.5, 12.5, 12.5,  8.4, 8.4, 8.4, 5.5,  5.5, 
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5.5. 1.2. 1.2. 1.2,  0.4,  0,4,  0.4, 0.2,  0.2,  0.2,  0.2,  0.2, 

//  35-50  South  Ecliptic  Latitude 

0.3,  0.0, 0.0,  0.0,  0.6,  0.6,  0.6, 1.6, 1.6, 1.6,  4.4,  4.4, 

4.4,  26.5,  26.5, 26.5, 17.9, 17.9, 17.9,  44.5,  44.5,  44.5, 21.5, 21.5, 
21.5,  3.1,  3.1,  3.1, 1.6, 1.6, 1.6,  0.7,  0.7,  0.7, 1.0, 1.0, 

1.0, 1.6, 1.6, 1.6, 1.3, 1.3, 1.3,  0.8,  0.8,  0.8,  0.3,  0.3, 

//  50-65  South  Ecliptic  Latitude 

0.3, 1.3, 1.3, 1.3, 1.3,  2.8,  2.8,  2.8,  2.8,  2.4,  2.4,  2.4, 

2.4,  65.1,  65.1,  65.1,  65.1,  4.6,  4.6,  4.6,  4.6,  4.9,  4.9,  4.9, 

4.9,  0.9,  0.9,  0.9,  0.9,  0.3,  0.3, 0.3,  0.3,  0.3,  0.3,  0.3, 

0.3, 1.0, 1.0, 1.0, 1.0, 0.7, 0.7, 0.7, 0.7,  0.3,  0.3,  0.3, 

//  65-80  South  Ecliptic  Latitude 

2.6,  2.6,  2.6,  2.6,  2.6, 1.6, 1.6, 1.6, 1.6, 1.6, 1.6, 1.6, 

1.6,  0.7,  0.7,  0.7,  0.7,  0.7,  0.7,  0.7,  0.7,  0.5,  0.5,  0.5, 

0.5,  0.5, 0.5,  0.5,  0.5,  0.5,  0.5, 0.5,  0.5,  0.5,  0.5,  0.5, 

0.5, 1.3, 1.3, 1.3, 1.3, 1.3, 1.3, 1.3, 1.3,  2.6,  2.6,  2.6, 

//  80-90  South  Ecliptic  Latitude 

4.9,  4.9, 4.9,  4.9,  4.9,  4.9, 4.9, 4.9, 4.9,  4.9,  4.9,  4.9, 

4.9,  4.9,  4.9,  4.9,  4.9,  4.9,  4.9, 4.9, 4.9,  4.9,  4.9,  4.9, 

4.9,  4.9,  4.9,  4.9,  4.9,  4.9,  4.9,  4.9,  4.9,  4.9,  4.9,  4.9, 

4.9,  4.9,  4.9,  4.9,  4.9,  4.9,  4.9,  4.9,  4.9,  4.9,  4.9,  4.9, 

//  JULY 

//  80-90  North  Ecliptic  Latitude 

6.4,  6.4,  6.4,  6.4,  6.4,  6.4,  6.4,  6.4,  6.4,  6.4,  6.4,  6.4, 

6.4,  6.4,  6.4,  6.4,  6.4,  6.4,  6.4, 6.4,  6.4,  6.4,  6.4,  6.4, 

6.4,  6.4,  6.4,  6.4,  6.4,  6.4,  6.4,  6.4,  6.4,  6.4,  6.4,  6.4, 

6.4,  6.4,  6.4,  6.4,  6.4,  6.4,  6.4,  6.4,  6.4,  6.4,  6.4,  6.4, 

//  65-80  North  Ecliptic  Latitude 

13.4. 1.8. 1.8. 1.8. 1.8. 1.8. 1.8. 1.8. 1.8. 1.4. 1.4. 1.4, 

1.4. 1.4. 1.4. 1.4. 1.4,  3.9,  3.9,  3.9,  3.9,  3.9,  3.9,  3.9, 

3.9,  7.1,  7.1,  7.1, 7.1,  7.1,  7.1,  7.1,  7.1,  4.0,  4.0,  4.0, 

4.0,  4.0,  4.0,  4.0,  4.0, 13.4, 13.4, 13.4, 13.4, 13.4, 13.4, 13.4, 

//  50-65  North  EcUptic  Latitude 

3.5, 0.9,  0.9,  0.9, 0.9, 1.1, 1.1, 1.1, 1.1,  2.2,  2.2,  2.2, 

2.2,  2.8,  2.8,  2.8,  2.8,  4.6,  4.6,  4.6,  4.6, 10.2, 10.2, 10.2, 

10.2,  3.9,  3.9,  3.9,  3.9, 14.5, 14.5, 14.5, 14.5, 7.5,  7.5,  7.5, 

7.5. 11.4. 11.4. 11.4. 11.4,  4.7,  4.7,  4.7,  4.7, 3.5,  3.5,  3.5, 

//  35-50  North  Ecliptic  Latitude 

0.2,  0.2,  0.2,  0.2,  0.2, 0.2,  3.1, 3.1, 3.1,  5.0,  5.0,  5.0, 

6.9,  6.9,  6.9,  27.8,  27.8,  27.8,  31.5, 31.5,  31.5, 13.7, 13.7, 13.7, 

20.9,  20.9,  20.9, 20.0, 20.0,  20.0,  5.5,  5.5,  5.5, 10.6, 10.6, 10.6, 
5.5,  5.5,  5.5,  2.3,  2.3,  2.3,  0.5, 0.5, 0.5,  0.1,  0.1,  0.1, 

//  20-35  North  Ecliptic  Latitude 

0.1,  0.1,  0.1,  0.6,  0.6,  0.6,  3.9, 3.9,  3.9, 13.3, 13.3, 13.3, 
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44.7,  44.7,  44.7,  55.7,  55.7,  55.7,  73.4,  73.4,  73.4,  45.1,  45.1,  45.1, 

40.1,  40.1,  40.1,  28.8,  28.8,  28.8, 19.6, 19.6, 19.6,  8.3,  8.3,  8.3, 

2.1,  2.1,  2.1,  0.2,  0.2,  0.2,  0.1,  0.1,  0.1,  0.1,  0.1,  0.1, 

//  0-20  North  Ecliptic  Latitude 

0.0,  0.3,  0.3,  0.6,  0.6,  2.4,  2.4,  0.3,  0.3, 1.6, 1.6, 12.1, 

12.1,  25.3,  25.3,  78.6,  78.6, 130.0, 130.0,  69.2,  69.2,  39.1, 39.1,  22.7, 

22.7,  20.9,  20.9,  60.3,  60.3, 15.1, 15.1, 15.0, 15.0,  5.5,  5.5,  8.9, 

8.9,  6.3,  6.3,  0.3,  0.3,  0.1,  0.1,  0.0,  0.0,  0.1,  0.1,  0.0, 

//  0-20  South  Ecliptic  Latitude 

0.0,  0.0,  0.0,  0.0,  0.0,  0.0,  0.0,  0.0,  0.0, 1.8, 1.8,  2.0, 

2.0, 7.5,  7.5, 13.9, 13.9, 17.5, 17.5, 38.6,  38.6,  45.6,  45.6,  40.9, 

40.9. 33.8. 33.8. 14.5. 14.5. 15.1. 15.1. 3.2. 3.2. 13.4. 13.4. 3.1, 

3.1,  6.8,  6.8,  0.8, 0.8, 0.0, 0.0, 0.0, 0.0, 0.0,  0.0, 0.0, 

//  20-35  South  Echptic  Latitude 

0.0, 0.0, 0.0,  0.0, 0.0, 0.0, 0.0, 0.0,  0.0, 1.0, 1.0, 1.0, 

14.7. 14.7. 14.7,  26.7, 26.7,  26.7,  22.9, 22.9,  22.9, 26.2,  26.2,  26.2, 

60.9,  60.9,  60.9,  32.9,  32.9,  32.9, 11.0, 11.0, 11.0,  4.1,  4.1,  4.1, 

2.4,  2.4,  2.4,  0.2,  0.2,  0.2,  0.0,  0.0,  0.0,  0.0,  0.0,  0.0, 

//  35-50  South  Ecliptic  Latitude 

0.0,  0.0,  0.0,  0.0,  0.0,  0.0,  0.0,  0.0,  0.0,  0.1,  0.1,  0.1, 

6.8,  6.8,  6.8,  8.0,  8.0,  8.0,  35.4, 35.4,  35.4, 13.4, 13.4, 13.4, 

3.7,  3.7,  3.7,  3.2,  3.2,  3.2,  3.3,  3.3,  3.3, 1.4, 1.4, 1.4, 

4.3,  4.3,  4.3, 1.4,  ..4, 1.4,  0.1,  0.1,  0.1,  0.0,  0.0,  0.0, 

//  50-65  South  Ecliptic  Latitude 

0.0,  0.0,  0.0,  0.0,  0.0,  0.0, 0.0,  0.0,  0.0,  3.4,  3.4,  3.4, 

3.4,  24.1,  24.1, 24.1,  24.1,  32.4, 32.4,  32.4,  32.4, 16.1, 16.1, 16.1, 

16.1,  8.1,  8.1,  8.1,  8.1,  0.8,  0.8,  0.8,  0.8,  0.5, 0.5,  0.5, 

0.5, 1.6, 1.6, 1.6, 1.6,  0.5,  0.5,  0.5,  0.5,  0.0,  0.0,  0.0, 

//  65-80  South  Ecliptic  Latitude 

2.6,  0.0,  0.0,  0.0,  0.0,  0.0,  0.0,  0.0,  0.0, 15.3, 15.3, 15.3, 

15.3. 15.3. 15.3. 15.3. 15.3. 19.8. 19.8. 19.8. 19.8. 19.8. 19.8. 19.8, 

19.8. 1.6. 1.6. 1.6. 1.6. 1.6. 1.6. 1.6. 1.6,  0.4,  0.4,  0.4, 

0.4,  0.4,  0.4,  0.4,  0.4,  2.6,  2.6,  2.6,  2.6,  2.6,  2.6,  2.6, 

//  80-90  South  Ecliptic  Latitude 

6.3,  6.3,  6.3,  6.3,  6.3,  6.3,  6.3,  6.3,  6.3,  6.3,  6.3,  6.3, 

6.3,  6.3,  6.3,  6.3,  6.3,  6.3,  6.3,  6.3,  6.3,  6.3,  6.3,  6.3, 

6.3,  6.3,  6.3,  6.3,  6.3,  6.3,  6.3,  6.3,  6.3,  6.3,  6.3,  6.3, 

6.3,  6.3,  6.3,  6.3,  6.3,  6.3,  6.3,  6.3,  6.3,  6.3,  6.3,  6.3, 

//  AUGUST 

//  80-90  North  Ecliptic  Latitude 

8.2,  8.2,  8.2,  8.2,  8.2,  8.2,  8.2,  8.2,  8.2,  8.2,  8.2,  8.2, 

8.2,  8.2,  8.2,  8.2,  8.2,  8.2,  8.2,  8.2,  8.2,  8.2,  8.2,  8.2, 

8.2,  8.2,  8.2,  8.2,  8.2,  8.2,  8.2,  8.2,  8.2,  8.2,  8.2,  8.2, 

8.2,  8.2,  8.2,  8.2,  8.2,  8.2,  8.2,  8.2,  8.2,  8.2,  8.2,  8.2, 
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//  65-80  North  Ecliptic  Latitude 

2.9,  2.9,  2.9,  2.9,  2.9,  2.9,  2.9,  2.4,  2.4,  2.4,  2.4,  2.4, 

2.4. 2.4,  2.4, 7.7,  7.7, 7.7, 7.7, 7.7, 7.7, 7.7, 7.7,  7.7, 

7.7. 7.7. 7.7,  7.7,  7.7, 7.7, 7.7, 8.4, 8.4, 8.4, 8.4,  8.4, 

8.4,  8.4,  8.4,  4.5,  4.5,  4.5,  4.5,  4.5,  4.5,  4.5,  4.5,  2.9, 

//  50-65  North  Ecliptic  Latitude 

1.6, 1.6, 1.6, 1.0, 1.0, 1.0, 1.0,  2.4,  2.4,  2.4,  2.4,  3.6, 

3.6,  3.6,  3.6, 12.8, 12.8, 12.8, 12.8, 14.2, 14.2, 14.2, 14.2,  20.6, 

20.6,  20.6,  20.6, 12.7, 12.7, 12.7, 12.7,  7.2,  7.2,  7.2,  7.2,  4.0, 

4.0,  4.0,  4.0,  2.6,  2.6, 2.6, 2.6,  2.1, 2.1, 2.1, 2.1, 1.6, 

//  35-50  North  Ecliptic  Latitude 

0.3,  0.3,  0.3, 1.3, 1.3, 1.3, 1.2, 1.2, 1.2, 1.8, 1.8, 1.8, 

6.1,  6.1,  6.1,  7.1,  7.1,  7.1,  9.6,  9.6,  9.6, 15.4, 15.4, 15.4, 

9.9,  9.9,  9.9, 10.5, 10.5, 10.5,  3.7,  3.7,  3.7,  4.3,  4.3,  4.3, 

1.8. 1.8. 1.8,  0.7,  0.7,  0.7,  0.6,  0.6,  0.6,  0.6,  0.6,  0.6, 

//  20-35  North  Ecliptic  Latitude 

0.4,  0.4,  0.4, 1.2, 1.2, 1.2,  3.5,  3.5,  3.5,  7.9,  7.9,  7.9, 

12.2, 12.2, 12.2, 13.3, 13.3, 13.3, 15.0, 15.0, 15.0,  27.8, 27.8, 27.8, 

28.4,  28.4,  28.4, 10.6, 10.6, 10.6,  6.9,  6.9,  6.9,  4.8,  4.8,  4.8, 

1.2. 1.2. 1.2,  0.5,  0.5,  0.5,  0.2,  0.2,  0.2,  0.3,  0.3,  0.3, 

//  0-20  North  Ecliptic  Latitude 

0.0, 0.2, 0.2, 0.5, 0.5, 1.6, 1.6, 3.5, 3.5, 15.2, 15.2, 26.5, 

26.5,  38.2,  38.2,  20.6,  20.6,  21.8,  21.8, 34.0,  34.0,  40.3, 40.3,  51.1, 

51.1,  27.6,  27.6, 15.8, 15.8, 11.6, 11.6, 10.1, 10.1,  5.0,  5.0, 3.7, 

3.7. 1.2. 1.2,  0.5,  0.5,  0.2,  0.2,  0.0,  0.0,  0.0,  0.0,  0.0, 

//  0-20  South  Ecliptic  Latitude 

0.7,  0.3,  0.3,  0.5,  0.5,  0.7,  0.7, 1.6, 1.6,  9.3,  9.3, 12.9, 

12.9,  26.7,  26.7,  26.4,  26.4, 13.7, 13.7, 17.9, 17.9,  55.5,  55.5,  41.8, 
41.8, 38.1, 38.1, 24.6, 24.6, 30.0, 30.0, 20.0,  20.0, 16.1, 16.1, 4.4, 
4.4,  2.4,  2.4, 1.1, 1.1,  0.6,  0.6,  0.2, 0.2,  0.3,  0.3,  0.7, 

//  20-35  South  Ecliptic  Latitude 

3.0,  3.0,  3.0,  0.9,  0.9,  0.9, 1.4, 1.4, 1.4, 1.7, 1.7, 1.7, 

3.1,  3.1,  3.1,  3.8,  3.8,  3.8,  21.3,  21.3,  21.3, 18.2, 18.2, 18.2, 

41.2,  41.2,  41.2,  26.0,  26.0,  26.0, 13.6, 13.96, 13.6, 12.2, 12.2, 12.2, 

2.6,  2.6,  2.6,  2.1,  2.1, 2.1, 1.0, 1.0, 1.0, 1.7, 1.7, 1.7, 

//  35-50  South  Ecliptic  Latitude 

5.0,  5.0,  5.0,  8.3,  8.3,  8.3,  2.1,  2.1,  2.1, 1.3, 1.3, 1.3, 

2.8,  2.8,  2.8,  3.0,  3.0,  3.0,  3.5,  3.5,  3.5, 19.2, 19.2, 19.2, 

12.0, 12.0, 12.0,  2.3,  2.3,  2.3,  0.4,  0.4,  0.4,  0.7,  0.7,  0.7, 

1.5. 1.5. 1.5. 1.6. 1.6. 1.6. 1.6. 1.6. 1.6,  3.2,  3.2,  3.2, 

//  50-65  South  Ecliptic  Latitude 

0.8,  0.8,  0.8,  50.2,  50.2,  50.2,  50.2,  4.2,  4.2,  4.2,  4.2,  3.8, 

3.8,  3.8,  3.8, 11.0, 11.0, 11.0, 11.0, 11.1, 11.1, 11.1, 11.1,  5.8, 

5.8,  5.8,  5.8, 1.4, 1.4, 1.4, 1.4,  0.6, 0.6,  0.6,  0.6, 1.7, 
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1.7. 1.7. 1.7,  0.4,  0.4,  0.4,  0.4,  0.5,  0.5,  0.5,  0.5,  0.8, 

//  65-80  South  Ecliptic  Latitude 

0.0, 0.0, 0.0,  0.0, 0.0, 0.0, 0.0,  5.5,  5.5,  5.5,  5.5,  5.5, 

5.5,  5.5,  5.5, 11.0, 11.0, 11.0, 11.0, 11.0, 11.0, 11.0, 11.0,  5.9, 

5.9,  5.9,  5.9,  5.9,  5.9,  5.9, 5.9, 0.4, 0.4, 0.4, 0.4,  0.4, 

0.4, 0.4,  0.4,  0.5, 0.5, 0.5, 0.5, 0.5, 0.5, 0.5,  0.5,  0.0, 

//  80-90  South  Ecliptic  Latitude 

4.1. 4.1,  4.1,  4.1, 4.1,  4.1,  4.1,  4.1,  4.1, 4.1,  4.1,  4.1, 

4.1,  4.1,  4.1,  4.1,  4.1,  4.1,  4.1, 4.1, 4.1,  4.1,  4.1,  4.1, 

4.1,  4.1,  4.1,  4.1,  4.1,  4.1, 4.1,  4.1,  4.1,  4.1,  4.1,  4.1, 

4.1,  4.1,  4.1,  4.1,  4.1,  4.1,  4.1,  4.1,  4.1,  4.1,  4.1,  4.1, 

//  SEPTEMBER 

//  80-90  North  Ecliptic  Latitude 

7.9. 7.9,  7.9,  7.9, 7.9, 7.9, 7.9,  7.9, 7.9, 7.9,  7.9,  7.9, 

7.9. 7.9. 7.9,  7.9, 7.9, 7.9, 7.9, 7.9, 7.9, 7.9, 7.9, 7.9, 

7.9,  7.9,  7.9,  7.9, 7.9,  7.9,  7.9,  7.9,  7.9,  7.9,  7.9,  7.9, 

7.9,  7.9,  7.9,  7.9,  7.9,  7.9,  7.9,  7.9,  7.9,  7.9,  7.9,  7.9, 

//  65-80  North  Ecliptic  Latitude 

5.1,  5.1,  5.1,  5.9,  5.9,  5.9,  5.9,  5.9,  5.9,  5.9,  5.9,  7.1, 

7.1,  7.1,  7.1,  7.1,  7.1,  7.1,  7.1,  8.2,  8.2,  8.2,  8.2,  8.2, 

8.2,  8.2,  8.2,  9.0,  9.0,  9.0,  9.0,  9.0,  9.0,  9.0,  9.0,  8.2, 

8.2,  8.2,  8.2,  8.2,  8.2,  8.2,  8.2,  5.1,  5.1,  5.1,  5.1,  5.1, 

//  50-65  North  Ecliptic  Latitude 

3.8,  3.8,  4.3,  4.3,  4.3, 11.3, 11.3, 11.3, 15.9, 15.9, 15.9, 18.6, 

18.6, 18.6, 12.4, 12.4, 12.4,  6.6,  6.6,  6.6,  7.0,  7.0,  7.0, 18.6, 

18.6. 18.6. 12.4. 12.4. 12.4,  6.6,  6.6,  6.6,  7.0, 7.0, 7.0,  0.6, 

0.6, 0.6,  2.3,  2.3, 2.3, 1.8, 1.8, 1.8, 1.6, 1.6, 1.6, 3.8, 

//  35-50  North  Ecliptic  Latitude 

0.5,  0.5,  0.8,  0.8,  0.8,  2.1,  2.1,  2.1,  4.2,  4.2,  4.2,  3.2, 

3.2,  3.2,  4.6,  4.6,  4.6,  9.6,  9.6,  9.6, 10.3, 10.3, 10.3, 10.3, 

10.3. 10.3,  9.3,  9.3,  9.3, 11.1, 11.1, 11.1,  4.7,  4.7,  4.7,  0.7, 

0.7,  0.7,  0.4,  0.4, 0.4,  0.2,  0.2,  0.2,  0.2, 0.2,  0.2,  0.5, 

//  20-35  North  Ecliptic  Latitude 

26.7,  26.7,  58.9,  58.9,  58.9, 1.4, 1.4, 1.4,  2.2,  2.2,  2.2,  5.0, 

5.0,  5.0,  8.5,  8.5,  8.5,  21.9,  21.9,  21.9, 15.0, 15.0, 15.0, 14.8, 

14.8, 14.8, 14.0, 14.0, 14.0,  6.5,  6.5,  6.5,  3.4,  3.4, 3.4, 1.4, 

1.4. 1.4,  0.2,  0.2,  0.2,  0.1,  0.1,  0.1,  0.1,  0.1,  0.1,  26.7, 

//  0-20  North  Ecliptic  Latitude 

0.0, 0.4,  0.4, 1.3, 1.3, 1.9, 1.9, 3.9, 3.9, 19.6, 19.6, 14.3, 

14.3. 14.3. 14.3,  20.0, 20.0,  23.6,  23.6, 25.3, 25.3,  21.8,  21.8,  34.2, 

34.2,  30.5,  30.5,  22.7, 22.7, 15.3, 15.3, 11.8, 11.8,  9.1,  9.1,  2.3, 

2.3,  0.7,  0.7,  0.4,  0.4,  0.2,  0.2,  0.0,  0.0,  0.0,  0.0,  0.0, 

//  0-20  South  Ecliptic  Latitude 

0.7, 1.9, 1.9,  2.2,  2.2,  0.9,  0.9,  9.2,  9.2, 16.8, 16.8, 30.2, 
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30.2,  40.6,  40.6, 36.0,  36.0,  34.0,  34.0,  50.8,  50.8,  44.3,  44.3,  48.4, 

48.4,  54.1,  54.1,  30.0,  30.0,  27.6,  27.6, 18.2, 18.2, 17.2, 17.2, 10.2, 

10.2. 7.3,  7.3, 1.3, 1.3,  5.0,  5.0,  0.8,  0.8,  0.5,  0.5,  0.7, 

//  20-35  South  Ecliptic  Latitude 

2.7,  2.7,  2.1,  2.1,  2.1, 1.7, 1.7, 1.7, 1.0, 1.0, 1.0,  5.9, 

5.9,  5.9, 29.0,  29.0, 29.0, 21.1, 21.1, 21.1,  48.6,  48.6,  48.6, 41.6, 

41.6,  41.6,  26.4,  26.4,  26.4, 15.1, 15.1, 15.1,  5.9,  5.9,  5.9,  3.3, 

3.3,  3.3,  5.6,  5.6,  5.6, 1.9, 1.9, 1.9,  5.7,  5.7,  5.7,  2.7, 

//  35-50  South  Ecliptic  Latitude 

4.8,  4.8,  9.2,  9.2,  9.2,  0.6, 0.6,  0.6,  3.5,  3.5,  3.5,  2.5, 

2.5. 2.5. 7.6. 7.6. 7.6,  9.5,  9.5, 9.5,  21.6,  21.6, 21.6, 10.4, 

10.4. 10.4,  5.6,  5.6,  5.6, 0.9,  0.9,  0.9, 1.8, 1.8, 1.8, 1.2, 

1.2. 1.2. 3.1,  3.1, 3.1, 1.6, 1.6, 1.6, 10.0, 10.0, 10.0, 4.8, 

//  50-65  South  Ecliptic  Latitude 

35.6. 35.6. 35.6,  5.8,  5.8, 5.8,  5.8,  7.7,  7.7,  7.7,  7.7,  3.4, 

3.4,  3.4,  3.4, 10.0, 10.0, 10.0, 10.0, 17.5, 17.5, 17.5, 17.5,  5.2, 

5.2,  5.2,  5.2,  7.1,  7.1,  7.1, 7.1,  5.1,  5.1,  5.1,  5.1, 1.9, 

1.9. 1.9. 1.9. 1.2. 1.2. 1.2. 1.2,  8.6,  8.6,  8.6,  8.6,  35.6, 

//  65-80  South  Ecliptic  Latitude 

3.7. 3.7,  3.7,  2.2,  2.2,  2.2,  2.2,  2.2,  2.2,  2.2,  2.2, 10.6, 

10.6. 10.6. 10.6. 10.6. 10.6. 10.6. 10.6. 15.7. 15.7. 15.7. 15.7. 15.7, 

15.7. 15.7. 15.7,  3.3,  3.3, 3.3,  3.3,  3.3,  3.3,  3.3, 3.3, 3.0, 

3.0,  3.0,  3.0,  3.0,  3.0,  3.0,  3.0,  3.7,  3.7, 3.7,  3.7,  3.7, 

//  80-90  South  Ecliptic  Latitude 

8.8, 8.8,  8.8,  8.8, 8.8, 8.8, 8.8, 8.8, 8.8, 8.8,  8.8,  8.8, 

8.8,  8.8,  8.8,  8.8,  8.8,  8.8,  8.8,  8.8, 8.8,  8.8,  8.8,  8.8, 

8.8, 8.8,  8.8,  8.8,  8.8,  8.8,  8.8,  8.8, 8.8,  8.8,  8.8,  8.8, 

8.8, 8.8,  8.8,  8.8,  8.8,  8.8,  8.8,  8.8,  8.8,  8.8,  8.8,  8.8, 

//  OCTOBER 

//  80-90  North  Ecliptic  Latitude 

13.7. 13.7. 13.7. 13.7. 13.7. 13.7. 13.7. 13.7. 13.7. 13.7. 13.7. 13.7, 

13.7, 13.7, 13.7, 13.7, 13.7, 13.7, 13.7, 13.7, 13.7, 13.7, 13.7, 13.7, 

13.7, 13.7, 13.7, 13.7, 13.7, 13.7, 13.7, 13.7, 13.7, 13.7, 13.7, 13.7, 

13.7, 13.7, 13.7, 13.7, 13.7, 13.7, 13.7, 13.7, 13.7, 13.7, 13.7, 13.7, 
//  65-80  North  Ecliptic  Latitude 

7.3,  7.3,  7.3,  7.3, 7.3,  5.9,  5.9,  5.9,  5.9,  5.9,  5.9,  5.9, 

5.9,  4.3,  4.3,  4.3,  4.3,  4.3,  4.3,  4.3,  4.3, 11.4, 11.4, 11.4, 

11.4. 11.4. 11.4. 11.4. 11.4,  8.0,  8.0, 8.0,  8.0,  8.0,  8.0,  8.0, 

8.0,  6.1,  6.1,  6.1,  6.1,  6.1,  6.1,  6.1,  6.1,  7.3,  7.3,  7.3, 

//  50-65  North  Ecliptic  Latitude 

0.9, 2.1,  2.1, 2.1, 2.1, 3.9, 3.9, 3.9, 3.9, 2.6,  2.6,  2.6, 

2.6. 10.4. 10.4. 10.4. 10.4. 10.1. 10.1. 10.1. 10.1,  22.0,  22.0,  22.0, 
22.0, 17.3, 17.3, 17.3, 17.3, 11.8, 11.8, 11.8, 11.8,  6.8,  6.8,  6.8, 

6.8. 1.4. 1.4. 1.4. 1.4. 1.4. 1.4. 1.4. 1.4,  0.9, 0.9,  0.9, 
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//  35-50  North  Ecliptic  Latitude 

0.6,  0.6,  0.6, 1.3, 1.3, 1.3,  2.4,  2.4,  2.4,  2.4,  2.4,  2.4, 

2.9, 2.9,  2.9,  4.2,  4.2,  4.2, 7.2,  7.2,  7.2, 16.1, 16.1, 16.1, 

12.7. 12.7. 12.7. 20.3. 20.3,  20.3, 7.7,  7.7,  7.7, 2.9,  2.9,  2.9, 

0.8, 0.8,  0.8,  0.5,  0.5,  0.5,  0.2,  0.2,  0.2,  0.3,  0.3,  0.3, 

//  20-35  North  Ecliptic  Latitude 

0.3,  0.3,  0.3,  0.6,  0.6,  0.6,  4.0,  4.0,  4.0,  4.2,  4.2,  4.2, 

7.3,  7.3,  7.3, 13.3, 13.3, 13.3,  9.8,  9.8,  9.8,  27.8,  27.8,  27.8, 

14.5, 14.5, 14.5, 13.7, 13.7, 13.7,  8.0,  8.0,  8.0,  3.7,  3.7,  3.7, 

1.0, 1.0, 1.0,  0.2,  0.2,  0.2,  0.2,  0.2,  0.2,  0.2,  0.2,  0.2, 

//  0-20  North  Ecliptic  Latitude 

0.4, 0.3,  0.3, 1.2, 1.2,  2.4,  2.4, 7.3,  7.3, 8.2, 8.2, 16.6, 

16.6, 20.0, 20.0, 15.0, 15.0,  23.6,  23.6, 24.4, 24.4, 46.8, 46.8,  41.5, 

41.5,  43.2,  43.2, 16.8, 16.8, 17.1, 17.1, 7.7,  7.7,  4.9, 4.9, 3.9, 

3.9, 0.5,  0.5,  0.4, 0.4, 0.1, 0.1, 0.1, 0.1, 0.4, 0.4,  0.4, 

//  0-20  South  Ecliptic  Latitude 

1.0,  0.3,  0.3,  0.9,  0.9,  3.7, 3.7,  4.4,  4.4,  23.4,  23.4, 30.2, 

30.2,  50.0,  50.0,  40.6,  40.6,  42.3,  42.3, 48.0,  48.0, 63.7,  63.7, 79.0, 
79.0,  48.9,  48.9,  20.7,  20.7,  24.7,  24.7, 39.6, 39.6, 18.2, 18.2,  7.0, 
7.0,  6.0,  6.0,  4.8,  4.8,  0.2,  0.2,  0.1,  0.1, 1.0, 1.0, 1.0, 

//  20-35  South  Ecliptic  Latitude 

0.3,  0.3,  0.3,  5.0,  5.0,  5.0, 1.4, 1.4, 1.4, 1.8, 1.8, 1.8, 

22.4,  22.4,  22.4,  50.5,  50.5,  50.5,  43.9, 43.9,  43.9, 74.9, 74.9, 74.9, 

39.3,  39.3,  39.3,  30.8, 30.8,  30.8, 12.0, 12.0, 12.0,  9.8,  9.8,  9.8, 

3.0,  3.0,  3.0,  0.3,  0.3,  0.3,  0.2,  0.2,  0.2,  0.2,  0.2,  0.2, 

//  35-50  South  Ecliptic  Latitude 

0.2,  0.2,  0.2,  0.5,  0.5,  0,5, 1.1, 1.1, 1.1, 1.3, 1.3, 1.3, 

1.2. 1.2. 1.2,  2.3,  2.3,  2.3,  2.0,  2.0,  2.0, 13.7, 13.7, 13.7, 

20.6,  20.6,  20.6,  3.8,  3.8, 3.8, 3.0, 3.0,  3.0,  2.1,  2.1,  2.1, 

0.7,  0.7,  0.7,  0.2,  0.2,  0.2,  0.0,  0.0,  0.0,  0.2,  0.2,  0.2, 

//  50-65  South  Ecliptic  Latitude 

0.0,  0.1,  0.1,  0.1,  0.1,  0.8,  0.8,  0.8,  0.8,  0.5,  0.5,  0.5, 

0.5,  4.1,  4.1,  4.1,  4.1,  2.5,  2.5,  2.5,  2.5, 10.2, 10.2, 10.2, 

10.2,  5.9,  5.9,  5.9,  5.9,  0.9,  0.9, 0.9,  0.9,  0.5,  0.5,  0.5, 

0.5,  2.0,  2.0,  2.0,  2.0,  0.0,  0.0,  0.0,  0.0,  0.0,  0.0,  0.0, 

//  65-80  South  Ecliptic  Latitude 

0.2, 0.2,  0.2, 0.2, 0.2,  0.2, 0.2, 0.2,  0.2, 0.2,  0.2, 0.2, 

0.2,  9.4,  9.4,  9.4,  9.4,  9.4,  9.4,  9.4,  9.4,  8.0,  8.0,  8.0, 

8.0,  8.0,  8.0,  8.0,  8.0,  4.5,  4.5,  4.5,  4.5,  4.5,  4.5,  4.5, 

4.5,  4.9,  4.9,  4.9,  4.9,  4.9,  4.9,  4.9,  4.9,  0.2,  0.2,  0.2, 

//  80-90  South  Ecliptic  Latitude 

2.0,  2.0,  2.0,  2.0,  2.0,  2.0,  2.0,  2.0,  2.0,  2.0,  2.0,  2.0, 

2.0,  2.0,  2.0,  2.0,  2.0,  2.0,  2.0,  2.0,  2.0,  2.0,  2.0,  2.0, 

2.0,  2.0,  2.0,  2.0,  2.0,  2.0,  2.0,  2.0,  2.0,  2.0,  2.0,  2.0, 
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2.0, 2.0, 2.0, 2.0, 2.0,  2.0, 2.0,  2.0, 2.0, 2.0,  2.0,  2.0, 

//  NOVEMBER 

//  80-90  North  Ecliptic  Latitude 

15.2, 15.2, 15.2, 15.2, 15.2, 15.2, 15.2, 15.2, 15.2, 15.2, 15.2, 15.2, 

15.2, 15.2, 15.2, 15.2, 15.2, 15.2, 15.2, 15.2, 15.2, 15.2, 15.2, 15.2, 

15.2, 15.2, 15.2, 15.2, 15.2, 15.2, 15.2, 15.2, 15.2, 15.2, 15.2, 15.2, 

15.2. 15.2. 15.2. 15.2. 15.2. 15.2. 15.2. 15.2. 15.2. 15.2. 15.2. 15.2, 
//  65-80  North  Ecliptic  Latitude 

15.5. 15.5. 15.5. 15.5. 15.5. 15.5. 15.5,  5.3,  5.3,  5.3,  5.3,  5.3, 

5.3,  5.3,  5.3,  7.1,  7.1,  7.1,  7.1,  7.1,  7.1,  7.1,  7.1,  4.8, 

4.8,  4.8,  4.8,  4.8,  4.8,  4.8,  4.8,  2.7,  2.7,  2.7,  2.7,  2.7, 

2.7,  2.7,  2.7,  7.1,  7.1,  7.1,  7.1,  7.1,  7.1,  7.1,  7.1, 15.5, 

//  50-65  North  Ecliptic  Latitude 

2.9,  2.9,  2.9,  6.8,  6.8,  6.8,  6.8, 13.6, 13.6, 13.6, 13.6,  4.8, 

4.8,  4.8,  4.8,  3.3,  3.3,  3.3,  3.3, 1.2, 1.2, 1.2, 1.2,  3.5, 

3.5,  3.5,  3.5, 11.4, 11.4, 11.4, 11.4, 1.8, 1.8, 1.8, 1.8,  2.8, 

2.8,  2.8,  2.8, 1.4, 1.4, 1.4, 1.4,  2.1,  2.1,  2.1,  2.1,  2.9, 

//  35-50  North  Ecliptic  Latitude 

1.2. 1.2. 1.2,  4.8,  4.8,  4.8,  3.5,  3.5, 3.5,  5.1,  5.1,  5.1, 

3.7,  3.7, 3.7, 1.4, 1.4, 1.4, 1.4, 1.4, 1.4,  6.2,  6.2,  6.2, 

4.9,  4.9,  4.9,  3.5,  3.5,  3.5, 3.3,  3.3, 3.3, 1.7, 1.7, 1.7, 

0.8,  0.8,  0.8,  0.9,  0.9,  0.9, 0.0,  0.0,  0.0,  0.6,  0.6,  0.6, 

//  20-35  North  Ecliptic  Latitude 

0.7,  0.7,  0.7,  3.2, 3.2,  3.2, 3.7,  3.7, 3.7,  2.6,  2.6,  2.6, 

4.5,  4.5,  4.5,  3.2, 3.2,  3.2,  9.9,  9.9,  9.9, 19.9, 19.9, 19.9, 

21.3,  21.3,  21.3, 11.6, 11.6, 11.6,  9.7,  9.7,  9.7,  4.8,  4.8,  4.8, 

0.8, 0.8,  0.8, 0.2, 0.2,  0.2,  0.2,  0.2, 0.2,  0.1,  0.1,  0.1, 

//  0-20  North  Echptic  Latitude 

0.3, 1.0, 1.0, 1.6, 1.6,  2.4,  2.4, 1.2, 1.2,  4.3,  4.3,  9.7, 

9.7. 13.1. 13.1. 13.9. 13.9,  27.4,  27.4,  29.2,  29.2,  27.4,  27.4,  29.9, 

29.9,  23.0,  23.0, 16.4, 16.4,  24.0,  24.0, 13.6, 13.6,  4.1,  4.1, 14.8, 

14.8. 1.6. 1.6,  0.5,  0.5,  0.5,  0.5, 0.0, 0.0,  0.0,  0.0,  0.3, 

//  0-20  South  Echptic  Latitude 

0.0,  0.6,  0.6,  0.6,  0.6,  3.4, 3.4,  4.4,  4.4,  9.0,  9.0, 19.3, 

19.3. 19.8. 19.8. 18.6. 18.6,  36.0,  36.0, 32.0,  32.0,  46.8,  46.8,  53.0, 
53.0,  51.0,  51.0,  42.0,  42.0, 14.0, 14.0, 10.1, 10.1,  9.7,  9.7,  4.9, 

4.9, 1.8, 1.8, 10.1, 10.1,  0.7,  0.7, 0.6,  0.6,  0.1,  0.1,  0.0, 

//  20-35  South  Ecliptic  Latitude 

0.0,  0.0, 0.0,  0.6,  0.6,  0.6,  5.1,  5.1,  5.1,  7.7,  7.7,  7.7, 

14.5. 14.5. 14.5,  37.7,  37.7, 37.7,  42.0,  42.0,  42.0,  55.6,  55.6,  55.6, 

26.7,  26.7,  26.7, 10.3, 10.3, 10.3,  7.4,  7.4,  7.4,  9.8,  9.8,  9.8, 

5.7,  5.7,  5.7,  0.0,  0.0,  0.0,  0.2,  0.2,  0.2,  0.1,  0.1,  0.1, 

//  35-50  South  Echptic  Latitude 

0.0,  0.0,  0.0,  0.8, 0.8, 0.8,  0.2,  0.2,  0.2,  0.9,  0.9,  0.9, 
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0.8,  0.8, 0.8, 14.3, 14.3, 14.3, 14.3, 18.6, 18.6, 18.6, 18.6, 28.4, 

28.4,  28.4,  28.4,  57.8,  57.8,  57.8,  57.8, 16.3, 16.3, 16.3, 16.3, 12.7, 
12.7, 12.7, 12.7,  0.0,  0.0,  0.0,  0.0,  0.0,  0.0,  0.0,  0.0,  0.2, 

//  65-80  South  Ecliptic  Latitude 

0.8,  0.8,  0.8,  0.8,  0.8,  0.8,  0.8,  6.8,  6.8,  6.8,  6.8,  6.8, 

6.8,  6.8,  6.8,  4.3,  4.3,  4.3,  4.3,  4.3,  4.3,  4.3,  4.3, 13.9, 

13.9. 13.9. 13.9. 13.9. 13.9. 13.9. 13.9,  2.6, 2.6,  2.6,  2.6,  2.6, 

2.6,  2.6,  2.6,  0.4,  0.4,  0.4,  0.4,  0.4,  0.4,  0.4,  0.4,  0.8, 

//  80-90  South  Ecliptic  Latitude 

1.8. 1.8. 1.8. 1.8. 1.8. 1.8. 1.8. 1.8. 1.8. 1.8. 1.8. 1.8, 

1.8, 1.8, 1.8, 1.8, 1.8, 1.8, 1.8, 1.8, 1.8, 1.8, 1.8, 1.8, 

1.8, 1.8, 1.8, 1.8, 1.8, 1.8, 1.8, 1.8, 1.8, 1.8, 1.8, 1.8, 

1.8, 1.8, 1.8, 1.8, 1.8, 1.8, 1.8, 1.8, 1.8, 1.8, 1.8, 1.8, 

//  DECEMBER 

//  80-90  North  Ecliptic  Latitude 

2.4,  2.4,  2.4,  2.4,  2.4,  2.4,  2.4,  2.4,  2.4, 2.4,  2.4,  2.4, 

2.4,  2.4,  2.4,  2.4,  2.4,  2.4,  2.4,  2.4,  2.4,  2.4,  2.4, 2.4, 

2.4,  2.4,  2.4,  2.4,  2.4,  2.4,  2.4,  2.4,  2.4,  2.4,  2.4,  2.4, 

2.4,  2.4,  2.4,  2.4,  2.4,  2.4,  2.4,  2.4,  2.4,  2.4,  2.4,  2.4, 

//  65-80  North  Ecliptic  Latitude 

2.6. 1.8. 1.8. 1.8. 1.8. 1.8. 1.8. 1.8. 1.8,  0.9,  0.9, 0.9, 

0.9,  0.9,  0.9,  0.9,  0.9, 1.6, 1.6, 1.6, 1.6, 1.6, 1.6, 1.6, 

1.6. 1.1. 1.1. 1.1. 1.1. 1.1. 1.1. 1.1. 1.1. 1.8. 1.8. 1.8, 

1.8, 1.8, 1.8, 1.8, 1.8,  2.6,  2.6,  2.6,  2.6, 2.6,  2.6,  2.6, 

//  50-65  North  Ecliptic  Latitude 

0.8, 1.9, 1.9, 1.9, 1.9,  0.8,  0.8,  0.8,  0.8, 1.3, 1.3, 1.3, 

1.3,  0.6,  0.6,  0.6,  0.6,  4.2,  4.2,  4.2,  4.2,  5.1,  5.1,  5.1, 

5.1,  2.1,  2.1,  2.1, 2.1,  3.2,  3.2,  3.2,  3.2, 1.6, 1.6, 1.6, 

1.6,  0.5,  0.5,  0.5,  0.5,  0.3,  0.3,  0.3,  0.3,  0.8, 0.8,  0.8, 

//  35-50  North  Ecliptic  Latitude 

0.1,  0.1,  0.1, 1.5, 1.5, 1.5, 1.4, 1.4, 1.4,  3.2,  3.2,  3.2, 

3.9,  3.9,  3.9,  2.0,  2.0,  2.0,  7.3,  7.3,  7.3,  9.3,  9.3,  9.3, 

6.9,  6.9,  6.9, 10.7, 10.7, 10.7, 14.3, 14.3, 14.3,  0.9,  0.9,  0.9, 

1.2, 1.2, 1.2,  0.1,  0.1,  0.1,  0.1,  0.1,  0.1,  0.1,  0.1,  0.1, 

//  20-35  North  Ecliptic  Latitude 

0.1,  0.1,  0.1,  0.3,  0.3,  0.3, 1.3, 1.3, 1.3,  2.6,  2.6, 2.6, 

4.1,  4.1,  4.1,  5.8,  5.8,  5.8,  6.5,  6.5,  6.5, 18.6, 18.6, 18.6, 

24.6,  24.6,  24.6,  28.8,  28.8,  28.8, 11.5, 11.5, 11.5,  2.2,  2.2,  2.2, 

0.6,  0.6,  0.6,  0.1,  0.1,  0.1,  0.1,  0.1,  0.1, 0.0,  0.0, 0.0, 
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//  0-20  North  Ecliptic  Latitude 

0.0,  0.3,  0.3,  0.6,  0.6, 1.2, 1.2, 1.4, 1.4,  3.3,  3.3,  4.1, 

4.1,  5.3,  5.3, 13.3, 13.3, 10.6, 10.6, 11.5, 11.5,  4.8,  4.8, 19.0, 

19.0,  22.5, 22.5, 19.6, 19.6, 8.1, 8.1,  6.5,  6.5,  9.7, 9.7,  6.0, 

6.0, 0.7, 0.7, 0.2, 0.2, 0.0, 0.0,  0.0, 0.0,  0.0, 0.0, 0.0, 

//  0-20  South  Ecliptic  Latitude 

0.0,  0.0,  0.0, 0.0,  0.0,  0.1,  0.1, 1.2, 1.2,  4.5,  4.5,  6.1, 

6.1,  5.5,  5.5, 4.9,  4.9,  6.5,  6.5,  9.6, 9.6,  22.9, 22.9,  27.9, 

27.9,  35.9,  35.9, 12.6, 12.6,  7.9,  7.9, 14.0, 14.0, 15.5, 15.5,  8.6, 
8.6,  2.4,  2.4, 0.8,  0.8,  0.3,  0.3,  0.1,  0.1,  0.0,  0.0,  0.0, 

//  20-35  South  Ecliptic  Latitude 

0.0,  0.0,  0.0, 0.0,  0.0,  0.0,  0.5,  0.5,  0.5, 1.0, 1.0, 1.0, 

7.2,  7.2,  7.2,  8.3,  8.3,  8.3, 15.8, 15.8, 15.8, 15.0, 15.0, 15.0, 

16.5. 16.5. 16.5. 16.4. 16.4. 16.4. 12.2. 12.2. 12.2,  5.3,  5.3,  5.3, 
13.5, 13.5, 13.5,  2.3,  2.3,  2.3,  0.1,  0.1,  0.1,  0.3,  0.3,  0.3, 

//  35-50  South  Ecliptic  Latitude 

0.0, 0.0,  0.0, 0.3,  0.3,  0.3,  0.2,  0.2,  0.2,  3.3,  3.3,  3.3, 

8.9,  8.9,  8.9,  6.4,  6.4,  6.4, 16.8, 16.8, 16.8,  28.8,  28.8,  28.8, 

32.9,  32.9,  32.9,  33.2,  33.2,  33.2, 15.1, 15.1, 15.1, 3.7, 3.7, 3.7, 

7.1,  7.1,  7.1, 0.4,  0.4,  0.4,  0.8,  0.8, 0.8,  0.6,  0.6,  0.6, 

//  50-65  South  Ecliptic  Latitude 

0.2, 1.2, 1.2, 1.2, 1.2,  7.3,  7.3,  7.3,  7.3, 18.2, 18.2, 18.2, 

18.2. 13.1. 13.1. 13.1. 13.1,  6.7,  6.7,  6.7,  6.7,  53.9,  53.9,  53.9, 

53.9,  82.5,  82.5,  82.5,  82.5,  0.2,  0.2, 0.2,  0.2,  0.0,  0.0,  0.0, 

0.0,  0.9,  0.9, 0.9,  0.9, 11.4, 11.4, 11.4, 11.4, 0.2, 0.2,  0.2, 

//  65-80  South  Ecliptic  Latitude 

10.0,  2.9,  2.9,  2.9,  2.9,  2.9,  2.9,  2.9,  2.9,  3.8,  3.8,  3.8, 

3.8,  3.8,  3.8, 3.8,  3.8,  38.8,  38.8,  38.8,  38.8, 38.8,  38.8,  38.8, 

38.8,  89.4,  89.4,  89.4,  89.4,  89.4,  89.4,  89.4,  89.4,  0.4, 0.4, 0.4, 
0.4,  0.4,  0.4,  0.4,  0.4, 10.0, 10.0, 10.0, 10.0, 10.0, 10.0, 10.0, 

//  80-90  South  Ecliptic  Latitude 

21.8,  21.8,  21.8,  21.8,  21.8,  21.8,  21.8,  21.8,  21.8,  21.8, 21.8,  21.8, 

21.8,  21.8,  21.8,  21.8,  21.8,  21.8,  21.8,  21.8,  21.8,  21.8,  21.8,  21.8, 

21.8,  21.8,  21.8,  21.8,  21.8,  21.8,  21.8,  21.8,  21.8,  21.8,  21.8,  21.8, 

21.8,  21.8,  21.8,  21.8,  21.8,  21.8,  21.8,  21.8,  21.8,  21.8,  21.8,  21.8, 
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10.  APPENDIX  D:  AWGAUSS.DAT  INPUT  FILE 

This  appendix  contains  the  AWGAUSS.DAT  data  file  providing  values  for  the  Gauss  quadrature 
employed  in  both  PC  METEORLENK  Versions  1.0  and  l.OV.  These  values  should  not  be  changed  by  the 
user. 
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constmtPGauss[3][15J={2  4  6  8  10  12  16  20  24  32  40  48  64  80  96 
1  2  4  7  11  16  22  30  40  52  68  88  112  144  184 

1  3  6  10  15  21  29  39  51  67  87  111  143  183  231} 

2 

0.5773502691 89626  1 .000000000000000 

4 

0.339981043584856  0.652145154862546 

0.861136311594053  0.347854845137454 

6 

0.238619186083197  0.467913934572691 

0.661209386466265  0.360761573048139 

0.932469514203152  0.171324492379170 

8 

0.183434642495650  0.362683783378362 

0.52553240991 6329  0.313706645877887 
0.796666477413627  0.222381034453374 

0.960289856497536  0.101228536290376 

10 

0.148874338981631  0.295524224714753 

0.433395394129247  0.269266719309996 

0.679409568299024  0.219086362515982 

0.865063366688985  0.149451349150581 

0.973906528517172  0.066671344308688 

12 

0.125233408511469  0.249147045813403 

0.367831498998180  0.233492536538355 

0.587317954286617  0.203167426723066 

0.7699026741 94305  0.1 60078328543346 

0.9041 17256370475  0.106939325995318 

0.981560634246719  0.047175336386512 

16 

0.095012509837637440185  0.189450610455068496285 

0.281603550779258913230  0.182603415044923588867 

0.458016777657227386342  0.169156519395002538189 

0.617876244402643748447  0.149595988816576732081 

0.755404408355003033895  0.124628971255533872052 

0.865631202387831743880  0.095158511682492784810 


0.944575023073232576078 

0.989400934991649932596 

20 

0.076526521 133497333755 
0.227785851 141 645078080 
0.373706088715419560673 
0.510867001950827098004 
0.636053680726515025453 
0.746331906460150792614 
0.839116971822218823395 
0.912234428251325905868 
0.963971927277913791268 
0.993128599185094924786 
24 

0.064056892862605626085 
0.191118867473616309159 
0.3150426796961 63374387 
0.433793507626045138487 
0.545421471388839535658 
0.648093651936975569252 
0.740124191578554364244 
0.820001985973902921954 
0.886415527004401034213 
0.938274552002732758524 
0.974728555971309498198 
0.995187219997021360180 
32 

0.04830766568773831 6235 
0.144471961582796493485 
0.239287362252137074545 
0.331868602282127649780 
0.421351276130635345364 
0.506899908932229390024 
0.587715757240762329041 
0.663044266930215200975 
0.7321821 18740289680387 
0.794483795967942406963 
0.849367613732569970134 
0.896321155766052123965 
0.934906075937739689171 
0.964762255587506430774 
0.98561 151 1 545268335400 
0.997263861849481563545 
40 


0.062253523938647892863 
0.02715245941 1754094852 

0.152753387130725850698 

0.149172986472603746788 

0.142096109318382051329 

0.131688638449176626898 

0.118194531961518417312 

0.101930119817240435037 

0.083276741576704748725 

0.062672048334109063570 

0.040601429800386941331 

0.017614007139152118312 

0.127938195346752156974 
0.125837456346828296121 
0.121670472927803391204 
0.115505668053725601353 
0.107444270115965634783 
0.097618652104113888270 
0.086190161531953275917 
0.07334648141 1080305734 
0.059298584915436780746 
0.0442774388174198061 69 
0.028531388628933663181 
0.012341229799987199547 

0.096540088514727800567 
0.09563872007927485941 9 
0.093844399080804565639 
0.091 173878695763884713 
0.08765209300440381 1143 
0.08331 1924226946755222 
0.078193895787070306472 
0.072345794108848506225 
0.065822222776361846838 
0.058684093478535547145 
0.050998059262376176196 
0.042835898022226680657 
0.034273862913021433103 
0.025392065309262059456 
0.01 6274394730905670605 
0.007018610009470096600 
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0.038772417506050821933 

0.116084070675255208483 

0.192697580701371099716 

0.268152185007253681141 

0.341994090825758473007 

0.413779204371605001525 

0.483075801686178712909 

0.549467125095128202076 

0.612553889667980237953 

0.671956684614179548379 

0.727318255189927103281 

0.778305651426519387695 

0.824612230833311663196 

0.865959503212259503821 

0.902098806968874296728 

0.932812808278676533361 

0.957916819213791655805 

0.977259949983774262663 

0.990726238699457006453 

0.998237709710559200350 


0.077505947978424811264 
0.077039818164247965588 
0.0761 10361900626242372 
0.074723169057968264200 
0.072886582395804059061 
0.07061 1 647391286779695 
0.067912045815233903826 
0.064804013456601038075 
0.061306242492928939167 
0.057439769099391551367 
0.053227846983936824355 
0.048695807635072232061 
0.043870908185673271992 
0.038782167974472017640 
0.033460195282547847393 
0.027937006980023401098 
0.022245849194166957262 
0.016421058381907888713 
0.010498284531152813615 
0.004521277098533191258 


38 


48 

0.032380170962869362033 
0.097004699209462698930 
0.161222356068891718056 
0.224763790394689061225 
0.287362487355455576736 
0.348755886292160738160 
0.408686481990716729916 
0.466902904750958404545 
0.523160974722233033678 
0.577224726083972703818 
0.628867396776513623995 
0.677872379632663905212 
0.724034130923814654674 
0.767159032515740339254 
0.807066204029442627083 
0.843588261 62439353071 1 
0.876572020274247885906 
0.905879136715569672822 
0.931386690706554333114 
0.952987703160430860723 
0.970591592546247250461 
0.984124583722826857745 
0.993530172266350757548 
0.998771007252426118601 
64 

0.024350292663424432509 
0.072993121787799039450 
0.121462819296120554470 
0.169644420423992818037 
0.217423643740007084150 
0.264687162208767416374 
0.311322871990210956158 
0.3572201583376681 15950 
0.402270157963991603696 
0.446366017253464087985 
0.489403145707052957479 
0.531279464019894545658 
0.571895646202634034284 
0.61 1 1 55355172393250249 
0.648965471254657339858 
0.685236313054233242564 
0.719881850171610826849 
0.752819907260531896612 


0.064737696812683922503 
0.0644661 64435950082207 
0.063924238584648186624 
0.063114192286254025657 
0.062039423159892663904 
0.060704439165893880053 
0.0591 14839698395635746 
0.057277292100403215705 
0.055199503699984162868 
0.052890189485193667096 
0.050359035553854474958 
0.04761 6658492490474826 
0.044674560856694280419 
0.041545082943464749214 
0.038241351065830706317 
0.034777222564770438893 
0.031167227832798088902 
0.027426509708356948200 
0.023570760839324379141 
0.019616160457355527814 
0.015579315722943848728 
0.011477234579234539490 
0.007327553901276262102 
0.003153346052305838633 

0.048690957009139720383 
0.048575467441503426935 
0.048344762234802957170 
0.047999388596458307728 
0.047540165714830308662 
0.046968182816210017325 
0.046284796581314417296 
0.045491627927418144480 
0.044590558163756563060 
0.043583724529323453377 
0.042473515123653589007 
0.041262563242623528610 
0.039953741132720341387 
0.038550153178615629129 
0.037055128540240046040 
0.03547221325688238381 1 
0.033805161837141609392 
0.032057928354851553585 
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0.783972358943341407610 
0.813265315122797559742 
0.840629296252580362752 
0.865999398154092819761 
0.889315445995114105853 
0.910522137078502805756 
0.929569172131939575821 
0.946411374858402816062 
0.961008799652053718919 
0.973326827789910963742 
0.983336253884625956931 
0.991013371476744320739 
0.9963401 1 6771 955279347 
0.999305041735772139457 


0.030234657072402478868 

0.028339672614259483228 

0.026377469715054658672 

0.024352702568710873338 

0.022270173808383254159 

0.020134823153530209372 

0.017951715775697343085 

0.015726030476024719322 

0.013463047896718642598 

0.011168139460131128819 

0.008846759826363947723 

0.006504457968978362856 

0.004147033260562467635 

0.001783280721696432947 
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80 

0.01951 1383256793997654 

0.058504437152420668629 

0.097408398441584599063 

0.136164022809143886559 

0.174712291832646812559 

0.212994502857666132572 

0.250952358392272120493 

0.288528054884511853109 

0.325664370747701914619 

0.362304753499487315619 

0.398393405881969227024 

0.433875370831756093062 

0.468696615170544477036 

0.5028041 1 1888784987594 

0.536145920897131932020 

0.568671268122709784725 

0.600330622829751743155 

0.631075773046871966248 

0.660859898986119801736 

0.689637644342027600771 

0.717365185362099880254 

0.744000297583597272317 

0.769502420135041373866 

0.793832717504605449949 

0.816954138681463470371 

0.838831473580255275617 

0.859431406663111096977 

0.878722567678213828704 

0.896675579438770683194 

0.913263102571757654165 

0.928459877172445795953 

0.942242761309872674752 

0.954590766343634905493 

0.965485089043799251452 

0.974909140585727793386 

0.982848572738629070418 

0.989291302499755531027 

0.994227540965688277892 

0.997649864398237688900 

0.999553822651630629880 


0.03901781365630665481 1 

0.038958395962769531 199 

0.038839651059051968932 

0.038661759774076463327 

0.038424993006959423185 

0.038129711314477638344 

0.037776364362001397490 

0.037365490238730490027 

0.036897714638276008839 

0.036373749905835978044 

0.035794393953416054603 

0.035160529044747593496 

0.034473120451753928794 

0.033733214984611522817 

0.032941939397645401383 

0.032100498673487773148 

0.031210174188114701642 

0.030272321759557980661 

0.029288369583267847693 

0.028259816057276862397 

0.027188227500486380674 

0.0260752357675651 17903 

0.024922535764115491105 

0.023731882865930101293 

0.022505090246332461926 

0.021244026115782006389 

0.019950610878141998929 

0.018626814208299031429 

0.017274652056269306359 

0.015896183583725688045 

0.014493508040509076117 

0.013068761592401339294 

0.011624114120797826916 

0.0101 61766041 103064521 

0.008683945269260858426 

0.007192904768117312753 

0.005690922451403198649 

0.004180313124694895237 

0.002663533589512681669 

0.001144950003186941534 
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96 

0.016276744849602969579 

0,048812985136049731112 

0.081297495464425558994 

0.113695850110665920911 

0.145973714654896941989 

0.178096882367618602759 

0.210031310460567203603 

0.241743156163840012328 

0.2731 9881 25910491 41487 

0.304364944354496353024 

0.335208522892625422616 

0.365696861472313635031 

0.395797649828908603285 

0.425478988407300545365 

0.454709422167743008636 

0.483457973920596359768 

0.511694177154667673586 

0.539388108324357436227 

0.566510418561397168404 

0.593032364777572080f ’4 

0.618925840125468570386 

0.6441 63403784967106798 

0.668718310043916153953 

0.692564536642171561344 

0.715676812348967626225 

0.738030643744400132851 

0.759602341 176647498703 

0.780369043867433217604 

0.800308744139140817229 

0.819400310737931675539 

0.837623511228187121494 

0.854959033434601455463 

0.871388505909296502874 

0.8868945174024204160: 

0.901460635315852341319 

0.915071423120898074206 

0.927712456722308690965 

0.93937033975275521 6932 

0.950032717784437635756 

0.959688291 448742539300 

0.968326828463264212174 

0.975939174585136466453 

0,982517263563014677447 


0.032550614492363166242 
0.032516118713868835987 
0.032447163714064269364 
0.032343822568575928429 
0.032206204794030250669 
0.032034456231992663218 
0,031828758894411006535 
0.031589330770727168558 
0,031316425596861355813 
0.031010332586313837423 
0.030671376123669149014 
0.030299915420827593794 
0.029896344136328385984 
0.029461089958167905970 
0.028994614150555236543 
0.02849741 1065085385646 
0.02797000761 6848334440 
0.027412962726029242823 
0.026826866725591762198 
0.026212340735672413913 
0.025570036005349361499 
0.024900633222483610288 
0.024204841792364691282 
0.023483399085926219842 
0.022737069658329374001 
0.021966644438744349195 
0.021172939892191298988 
0.020356797154333324595 
0.019519081140145022410 
0.018660679627411467385 
0.01778250231 6045260838 
0.016885479864245172450 
0.015970562902562291381 
0.015038721026994938006 
0.014090941772314860916 
0.013128229566961572637 
0.012151604671088319635 
0.011162102099838498591 
0.010160770535008415758 
0.009148671230783386633 
0.008126876925698759217 
0.007096470791 153865269 
0.006058545504235961683 
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0.988054126329623799481 

0.992543900323762624572 

0.995981842987209290650 

0.998364375863181677724 

0.999689503883230766828 


0.005014202742927517693 

0.003964554338444686674 

0.002910731817934946408 

0.001853960788946921732 

0.000796792065552012429 
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1.  INTRODUCTION 
1.1  Summary 

This  report  presents  work  performed  for  the  Phillips  Laboratory  by  Science  Applications 
Intemational  Corporation  (SAIC)  to  convert  its  proprietary  VAX-based  METEORLINK  meteor- 
burst  computer  model  to  software  capable  of  operation  on  an  IBM-compatible  personal  con^uter 
(PC).  The  VAX  version  of  METEORLINK  was  written  in  FORTRAN  77  using  several  VAX 
VMS-unique  features  for  I/O  and  pseudo-structured  programming.  The  PC  METEORLINK 
program  was  written  in  the  Borland  Turbo  C++  language  by  directly  translating  the  original 
FORTRAN  source  code.  This  translation  was  completed  successfully  and  several  test  cases  were 
performed  using  the  VAX  and  PC  versions  driven  by  the  same  input  parameters.  These  test  cases 
demonstrated  essentially  identical  results  with  the  exception  of  insignificant  numerical  differences 
due  to  the  differsat  conputing  platforms.  The  initial  PC  translation  of  the  VAX  METEORLINK 
program  was  designated  “Version  1.0”  of  the  “PC  METEORLINK”  computer  program. 

SAIC  sought  to  improve  the  MB  modeling  algorithms  employed  in  the  PC  METEORLINK 
program.  Version  1.0,  by  adding  an  enpuical  meteor  velocity  distribution,  a  meteor  mass-based 
distribution  of  sporadic  meteor  flux,  and  several  other  inproved  algorithms.  The  addition  of  the 
meteor  velocity  distribution  required  the  addition  of  additional  integration  loops  for  meteor  peed 
for  each  modeled  meteor  radiant.  This  enhanced  version  of  the  PC  METEORLINK  program  has 
been  designated  ‘Version  l.OV”.  A  measurement-prediction  comparison  has  been  performed 
using  Version  l.OV  of  the  PC  METEORLINK  program  with  comparisons  drawn  to  results 
obtained  with  the  VAX  METEORLINK  program  in  several  earlier  publications  [1,  2,  3],  The 
results  of  this  conparison  exhibit  inprovement  of  model  behavior  in  several  repects,  but  the 
amount  of  peed  dependence  produces  distortion  in  the  normal  dirunal  variation  in  excess  of 
anticipated  values.  Although  this  distortion  is  apparent,  and  indicates  that  better  enpirical  models 
should  be  considered,  the  overall  model  predictions  represent  an  improvement  over  the  Version 
1.0  capability  to  accurately  model  the  performance  of  an  MB  communications  link. 

METEORLINK  Version  l.OV  calibration  and  vahdation  were  performed  with  data  taken  from 
three  MB-link  measurement  campaigns,  including  the  Greenland  Meteor  Burst  Test  Bed  [4],  the 
Jodrell  Bank  Engineering  Station  [5]  in  the  United  Kingdom,  and  Kazan  State  University  [6]  iu 


1.  R.  I.  Desourdis,  Jr.,  S.  C.  Merrill,  J.  H.  Wojtaszek  and  K.  Hernandez,  Meteor  burst  link  performance  sensitivity 
to  antenna  pattern,  power  margin  and  range,  IEEE  MILCOM'88  Conf.  Proc.,  Vol.  1,  October  1988, 
pp.  14.5.1-14.5.7. 

2.  R.  I.  Desourdis,  Jr.,  J.  C.  Ostergaard,  and  A.  D.  Bailey,  “Meteor  burst  computer  model  validation  using 
high-latimde  measurements,”  IEEE  MILCOM'91  Conf.  Proc.,  Vol.  2,  McLean,  Virginia,  November  1991, 
pp.  22.1.1-22.1.5. 

3.  R.  I.  Desourdis,  et.  al.,  “Advanced  Meteor-Burst  Radio  for  Multi-Media  Communications,”  IEEE  MILCOM'94 
Conf.  Proc.,  Vol.  2,  Ft.  Monmouth,  New  Jersey,  October  1994,  pp.  685-689. 

4.  R.  I.  Desourdis,  Jr.,  V.  V.  Sidorov,  A.  V.  Karpov,  R.  G.  Huziashev,  L.  A.  Epictetov,  and  D.  W.  Brown,  “A 
Russian  meteor  burst  communications  experiment  and  measurement-prediction  comparison,”  IEEE  MILCOM'92 
Conf.  Proc.,  Vol.  1,  San  Diego,  October  1992,  pp.  1.6. 1-1. 6.5. 

5.  A.  C.  B.  Lovell,  Meteor  Astronomy,  University  Press,  Oxford,  New  York,  1954,  pp.  1 12-1 15. 
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Russia.  The  results  show  that  both  Versions  1.0  and  l.OV  of  the  PC  METEORLINK  program 
yield  .similar  accuracy  although  the  two  models  differ  significantly  in  their  calculation  of  the  usable 
meteor  rate  (MR)  and  duty  cycle  (DC).  The  coirplete  results  of  the  Greenland  Test  Bed 
measurement-prediction  comparison  with  Version  1.0  and  Version  l.OV  predictions  appear  in 
Appendix  A  of  a  companion  report  [7].  A  conq)arison  of  model  prediction  accuracy  for  the 
Greenland  measurements  alone  is  shown  in  Figure  1.1  and  described  in  Section  4  of  this  report. 
Figures  1.2a  and  1.2b  are  plots  of 
the  daily-average  MR  value 
measured  at  Jodrell  Bank  in  1950- 
51  with  the  corresponding 
Version  1.0  and  l.OV  predictions. 

The  complete  set  of  month  by 
month  Jodrell  Bank  predictions  are 
provided  in  of  a  con^anion  report 
[7].  Although  development  of 
Version  l.OV  was  motivated  in  part 
due  reduce  the  excessive 
METEORLINK  prediction  for  the 
Autumn  MR  values,  the  effect  was 
not  altered  by  incoiporating  a  more 
accurate  meteor  velocity 
distribution.  Other  physical 
parameters,  such  as  the  sporadic 
meteor  flux  density  or  meteor 
velocity  distributions,  may  have  produced  or  maintained  this  phenomena.  Finally,  MB 
measurements  performed  in  Russia  during  April  (radar)  and  May  (forward  scatter)  were 
compared  with  Version  l.OV  predictions  as  shown  in  the  scatter  plots  of  Figures  1.3a  and  1.3b. 

There  reports  were  written  as  part  of  this  ejffort  in  addition  to  translation  and  modification  of 
the  original  VAX  FORTRAN  version  of  METEORLINK  into  a  Turbo  C-I-+  program  for  the  PC. 
The  software  is  accon^anied  by  a  ‘TJser’s  Guide”  addressing  both  Versions  1.0  and  l.OV  of  the 
PC  METEORLINK  program  It  must  be  noted  that  the  Version  l.OV  files  can  be  “read”  by  the 
Version  1.0  program,  but  use  of  Version  1.0  input  files  with  Version  l.OV  will  lead  to  an  I/O 
error.  For  example,  the  number  of  meteor  speed  integration  pomts  is  a  required  input  parameter, 
although  the  Version  1.0  program  does  not  use  this  parameter.  The  second  report  describes  many 
of  the  PC  METEORLINK  algorithms,  particularly  those  which  were  altered  in  developing 
Version  l.OV  from  Version  1.0.  Algorithms  shared  by  both  programs,  particularly  the 
development  of  the  geometric  model  of  meteor  trail  scatter,  were  referenced  from  a  recent 
publication  [8].  Fmally,  this  report  and  the  associated  Appendices  A  and  B  of  the  companion 


Version  I.OA/ersion  1.0V  Accuracy  Distributions 
Philips  Lab  Data  for  March  1989 


Accuracy  Factor  f 


-  ALL  Version  1.0  ALL  Version  1i)V  - 

-  MR  Version  1  .OV  DC  Version  1 .0 


-MR  Version  1.0 
-DC  Version  1.0V 


Figure  1 . 1  Greenland  prediction  accuracy  comparison 


6.  R.  I.  Desourdis,  Jr.,  V.  V.  Sidorov,  A.  V.  Karpov,  R.  G.  Huziashev,  L.  A.  Epictetov,  andD.  W.  Brown,  Ibid.. 

1.  Science  Applications  International  Corporation,  R&D  Equipment  Information  (User’s  Guide),  Contract  # 
F19628-93-C-0082,  CDRL  A005,  Marlborough,  Mass.,  September  1995. 

8.  R.  I.  Desourdis,  ‘TModeling  and  Analysis  of  Meteor  Burst  Communications,”  Chapter  3,  Meteor  Burst 
Communications:  Theory  and  Practice,  John  Wiley  &  Sons,  New  York,  March,  1993,  pp.  59-342. 
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report  [7]  present  preliminary  results  from  the  measurement-prediction  comparison  performed 
using  Phillips  Lab  data  collected  in  Greenland  and  radar  data  collected  in  England  at  Jodrell  Bank, 
respectively,  as  well  as  the  Kazan  measurements. 

This  report  describes  the  algorithms  employed  in  the  PC  METEORLINK  Version  1.0  and 
l.OV  C-H-  computer  programs  used  to  produce  the  measurement-prediction  comparison  results 
described  in  this  report  and  other  pubhcations  [1,  2,  3].  The  reader  will  note  that  many  of  the 
basic  derivations  assumed  in  this  report  were  published  elsewhere  [7]. 


Monthly  Diurnal  Average  Variation 
Jodrell  Bank,  Northwest  Radar  Beam 
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Universal  Time 


1.2  Background 

This  technical  manual  describes 
the  algorithms  employed  in  the  PC 
METEORLINK  computer 

program.  Versions  1.0  and  l.OV. 

The  “l.OV”  Version  employs 
“velocity-based”  prediction 

algorithms  intended  to  increase 
model  fidehty  and,  ultimately, 
improve  MB-link  performance 
predictions.  These  algorithms 
include  the  integration  of  usable 
meteor  rate  with  repect  to  meteor 
peed  using  an  empirical 
distribution  for  meteor  velocity.  In 
addition.  Version  l.OV  replaces  the 
Version  1.0  poradic  meteor 
distribution  based  on  minimum 
electron  line  density  with  the 
correponding  distribution  of 
poradic  meteors  whose  mass 
exceeds  a  minimum  pecified  value. 

Finally,  the  height  of  maximum 
ionization  is  determined  numerically 
as  a  frmction  of  meteor  peed  and 
maximum  trail  electron  line  density. 

The  PC  METEORLINK 
program  is  authored  in  the  C-H- 
language  and  was  originally 
translated  directly  from  the 
FORTRAN  77  version  developed 
for  the  VAX  3600.  In  other  words, 

PC  METEORLINK  Version  1.0  is  intended  to  reproduce  the  current  VAX  METEORLINK 
Version  1.40  results  as  closely  as  possible  given  the  difference  in  platforms.  An  earher  version  of 


[-.-jodrell  bank  -^-Version  1.0  —Version  1.0V  [ 

Figure  1.2a  Monthly  MR  Comparison  for  the  Northwest  Beam 

Monthly  Diurnal  Average  Variation 
Jodrell  Bank,  Southwest  Radar  Beam 
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Figure  1.2b  Monthly  MR  Comparison  for  the  Southwest  Beam 
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the  VAX  METEORLINK  program  was  provided  to  the  Phillips  Laboratory  as  part  of  a  contract 
executed  to  cahbrate  and,  subsequently,  validate  the  VAX  METEORLINK  program  The 
measurements  of  meteor  arrival  rate  (MR),  duty  cycle  (DC),  and  other  link-performance 
parameters  used  in  this 

validation  were  extracted  from  57.4-MHz  Meteor  Radar  at  Kazan  in  Russia 

the  extensive  meteor-burst  data  @ 


base  collected  in  Greenland  by 
the  Phillips  Laboratory  [9],  In 
fact,  a  limited  validation  of  the 
PC  METEORLINK  Version 
l.OV  program  was  performed 
using  a  subset  of  the  data 
ercqdoyed  in  the  original  VAX 
METEORLINK  validation. 
This  Version  l.OV  validation  is 
described  in  a  conq)anion 
report  [10]. 

1.3  Assumptions 


This  report  uses  symbols 
and  definitions  adopted  by 
Chapter  3  of  Meteor  Burst 
Communications:  Theory  and 
Practice  [11].  This  book 
chapter  provides  a  detailed 
derivation  of  the  algorithms 
emqployed  in  the  original  VAX 
METEORLINK  program  as 
well  as  complete  vahdation 
results  not  previously 
published.  This  report  will  not 
attempt  to  reproduce  material 
presented  in  this  book  except 
to  the  extent  that  it  is  necessary 
to  explain  the  differences 
between  the  PC 

METEORLINK  Version  l.OV 


Figure  1.3a  Kazan  radar  (backscatter)  measurements 
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Figure  1.3b  Moscow-Kazan  forward-scatter  MB  link 


9.  The  RADC  High  Latitude  Meteor  Scatter  Test  Bed,  by  J.  C.  Ostergaard,  J.  E.  Rasmussen,  M.  J.  Sowa,  J.  M. 
Quinn,  and  P.  A.  Kossey,  RADC-TR-86-74  AD A1 80550,  Hanscom  Air  Force  Base,  Massachusetts,  July  1986, 
Unlimited  Distribution. 

10.  Science  Applications  International  Corporation,  Scientific  and  Technical  Report,  Contract  #  F19628-93-C- 
0082,  CDRL  A003,  Marlborough,  Mass.,  September  1995. 

11.  R.  I.  Desourdis,  ‘TVIodeling  and  Analysis  of  Meteor  Burst  Communications,”  Chapter  3,  Meteor  Burst 
Communications:  Theory  and  Practice,  John  Wiley  &  Sons,  New  York,  March,  1993,  pp.  59-342. 
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and  Version  1.0.  It  will  also  be  assumed  that  the  reader  is  familiar  with  the  terminology  of 
meteor-burst  communications,  such  as  meteor  rate,  duty  cycle,  underdense  meteor  rate,  etc.  and 
the  fundamentals  of  meteor  astronomy  and  physics. 

Appendix  A  in  Chapter  3  of  Meteor  Burst  Communications:  Theory  and  Practice  contains  a 
complete  development  of  useful  coordinate  systems  for  modeling  MB  links.  In  this  report,  only 
the  LINK  (L),  METEOR  (M),  and  ORBITAL  coordinate  systems  defined  in  this  reference  will  be 
employed.  Many  other  coordinate  systems  are  defined  in  this  reference,  but  these  three  systems 
can  be  used  to  meet  the  objectives  of  this  technical  report.  The  L  and  M  systems  are  used  to 
determine  the  spatial  orientations  of  meteor  trails  essential  to  effective  radiowave  scattering,  i.e., 
link-observable  meteor  trails.  The  O  system  is  used  to  represent  these  hhk-observable  trails  using 
the  coordinate  conventions  used  to  define  the  incident  flux  of  sporadic  meteors  and  the  meteor 
velocity  distribution. 


2.  OBSERVABLE  METEOR  TRAILS 


The  L  system  is  defined  such  that  the  xl  axis  passes  through  the  geographic  coordinates  of 
the  transmit  and  receive  anteimas.  The  y.^  axis  crosses  the  xl  axis  halflvay  between  these 
coordinates,  and  the  zl  axis  is  defined  in  the  normal  right-handed  sense  pointing  along  the  zenith 
(see  Figure  2.1).  At  a  given  scatter  point,  =  in  the  L  system,  the  xm-Jm  plane  in 


the  M  system  defines  observable  (i.e.  potentially  usable)  orientation  of  meteor  trails.  This  plane  is 
tangent  to  the  confocal  surface 
of  revolution  (ellipsoid)  defined 
by  the  antenna  coordinates  as 
foci.  It  can  be  defined  by  its 
normal  vector  nj-  =  rh  +  rh  ^ 
where  the  two  r-vectors  point 
firom  the  transmit  and  receive 
antennas  to  the  scatter  point  (P^ . 

The  M  system  is  used  to  define 
observable  trail  orientations  with 
xmit  vectors  [12]  and  then 
transformed  into  the  L  system  as 
.  Through  a  series  of 
transformations  [13],  is 

subsequently  transformed  into 
the  corresponding  unit  vector  for 
meteor  velocity  in  the  O  system. 


Figure  2. 1  Link  coordinate  system 


12.  M.  L.  Meeks  and  J.  C.  James,  “On  the  influence  of  meteor-radiant  distributions  in  meteor-scatter 
communication,”  Proc.  IRE,  Vol.  45,  December  1957,  p.  1725. 

13.  R.  I.  Desourdis,  “Modeling  and  Analysis  of  Meteor  Burst  Communications,” pp.  292-295. 
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given  by  <rS  • 

The  apparent  meteor  speed  is  assumed  to  be  v<,  =  |v«  |  =  |vi;|  =  [vSl?  where  the  effects 

negligible  (for  present  purposes)  of  atmospheric  deceleration,  diurnal  aberration,  and  zenith 
attraction  [14]  are  ignored.  These  latter  transformations  account  for  the  transmit  and  receive 
antenna  coordinates  and  heights  above  ground,  time  of  day,  and  day  in  the  year.  In  the  parent 
reference  [15],  the  O  system  is  defined  such  that  the  xo  ^xis  points  in  the  direction  of  the  sun, 

that  is,  the  helion.  As  a  result,  the  elongation  angle  is  given  by  s  =  cos"‘(-Vm2) ,  where 
vm  =  (vSi ,  vSz ,  vZ^)  defines  the  vector  components.  All  METEORLINK  versions  en5)loy  an  O 
system  rotated  90°  fi-om  this  orientation,  such  that  the  xo  axis  always  points  in  the  earth’s 
antapex  direction  and  s  =  cos'*(~v2i)  • 


The  probability  that  a 
meteor  will  arrive  with  speed 
Vg  at  elongation  angle  s  is 
determined  from  the  enq)irical 
velocity  distribution 

p(|vm|>vS)=  p(va,v2) 
depicted  in  Figure  2.2.  This 
two-dimensional  density 
fimction  gives  the  discrete 
probability  for  velocity  values 
defined  within  intervals  of  2 
km/sec  from  1 1  to  73  km/sec 
(32  values)  and  elongation 
angle  values  lying  with 
intervals  defined  in  10° 
increments  from  0°  (apex)  to 
180°  (antapex).  In  general, 
the  density  fimction 
p(v„,vS)=  p(v.,s)  must 
satisfy 
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Figure  2.2  Empirically-Derived  Sporadic  Meteor  Velocity  Distribution 
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(2.1) 


to  avoid  distorting  the  en^irical  distribution  of  sporadic  meteor  radiants.  The  available  empirical 
discrete  meteor  velocity  density  function  [16]  satisfies 


32 

2  P,  =  1.0 


(2.2) 


14.  D,  W.  R.  McKinley,  Science  and  Engineerings  McGraw-Hill,  New  York,  1961,  p.  34. 

15.  R.  I.  Desourdis, pp.  286-289. 

16.  V.  V.  Sidorov,  personal  communication. 
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for  each  £■  interval  /  =  1,  2, 18.  Eq.  2. 1  can  then  be  expressed  as 
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so  the  normalization  constant  is  given  by 
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In  practice,  the  density  function  p(va,s)  appears  in  a  ratio  such  that  the  normalization  factor  k„ 
does  not  impact  the  computed  MR  or  DC  values  as  will  be  shown  in  a  subsequent  section. 

The  trail-scatter  point  (p\  and  the  unit  meteor  direction  vector  define  the  geometric 
criteria  for  a  meteor  trail  to  produce  a  usable  signal  at  the  receiver.  In  fact,  meteor  trails  meeting 
the  geometric  criteria  (^iPs,vt)  ^ire  defined  to  be  observable  meteor  trails.  In  other  words,  all 

meteors  passing  through  ip\  forming  a  trail  with  direction  will  be  suitably  positioned  relative 
to  the  transmit  and  receive  antenna  locations  to  produce  a  usable  received  signal.  These 
observability  criteria  are  a  necessary  condition  for  trail  scatter  as  modeled  by  both  Versions  1.0 
and  l.OV  of  PC  METEORLENK  To  produce  a  usable  received  signal,  however,  the  trail-forming 
meteor  must  exceed  a  certain  minimum  mass  which  is  dependent  on  both  meteor  speed  and  link 
power-budget  parameters. 


3.  USABLE  METEOR  TRAILS 
3.1  Usability  Criteria 

The  minimum  performance  requirements  for  an  MB-hnk  necessarily  include  the  required 
received  power  firom  the  “meteor  burst”  and  the  minimum  burst  duration  x  .  Thus,  given 
the  observability  criteria  ,Vm),  a  meteor  trail  is  deemed  usable  if  it  meets  the  equipment- 

dependent  criteria  ^P*,t  •  The  objectives  of  the  PC  METEORLINK  computer  programs  are  to 

determine  the  MB  link  MR  and  DC  values  resulting  from  meteor  trails  that  meet  both  the 
observability  criteria  ,  vj;)  and  the  usability  criteria  {p*  ,x  • 
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3.2  Meteor  Mass 


The  METEORLINK  programs  compute  the  minimum  electron  line  density  for  each 

* 

observable  trail  with  velocity  vector  vi  =  ■  This  minimum  density  is  determined  such 

that  a  minimiim  power  of  P*  Watts  is  delivered  to  the  receiver  for  a  minimum  time  x  *  seconds. 
In  other  words,  the  meteor  trail  provides  a  scatter  path  with  total  maximum  path  loss  (MAPL)  not 
exceeding  L*  dB.  The  minimum  meteor  mass  mZ  required  to  this  line  density  is  given  by 


mZ 


kSv^,i.*,Tl=  -  .  (3.1a) 

^  ^  P/(va)cOs(5Cj  > 


where 


*(l  l  *  •) 


with 


and 


TT  _  Hi  hs 


(3.1b) 


(3.1c) 


jj.  =  average  mass  of  a  meteoric  atom 

P.(v.)  =  number  of  free  electrons  ionized  by  a  single  meteoric  atom 
Hp  -  atmospheric  scale  height  at  the  true  height 

1^  =  included  angle  between  the  trail  vector  and  the  zenith  (vertical)  at  (p'; 

}jj  =  height  of  maximum  ionization 

hs  =  height  of  the  trail-scatter  point  (P^  above  sea  level  in  the  L  system. 

In  Eqs.  3.1,  the  dependence  of  line  daisity  q  and  therefore  mass  m  on  received  power  threshold 
P*  and  minimum  duration  x*  is  determined  from  modifications  to  the  classical  trail-scatter 
models  [17]. 


3.3  Trail  Line  Density 
Underdense  Trail-Scatter  Model 

For  each  observable  trail,  both  METEORLINK  Versions  1.0  and  l.OV  compute  the  minimum 
required  underdense  (long  wavelength)  line  density  ,x  j  =  ,t  j- 

This  computation  begins  with  the  calculation  of  the  classic  underdense  trad  model  coefficients 


17.  G.  R.  Sugar,  “Radio  propagation  by  reflections  from  meteor  trails,”  Proc.  IEEE,  Vol.  52,  February  1964,  pp. 
116-136. 
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ai  =  2  3  r2 (ri  +  r2)sm  (y  J 

Te  A 

2 

(3.2a) 

a2^  =  32^cos^((|>jDt; 

A 

(3.2b) 

2 

LU  2{±  \  2 

a3  -  Jr  0 

A 

(3.2c) 

(iPh  vi.  i*,T  *)  =  "  eicp(aj"  X  * + a?)  jf 

(3.3) 

where  the  MB  system  loss 


/*=lo(^Vio) 


with 


^  TO  ^ 

L  =Pt  +  GZ-L-Lr-Pr 


(3.4) 


(3.5) 


ro  =  initial  radius  of  the  meteor  trail 
X  =  signal  wavelength 

(j)^  =  included  angle  between  rh  and  r^i  at  the  trail  scatter  point  (see  Figure  2.1) 

=  angle  between  the  trail  vector  vt  and  r^i,  where  r^i  vector  pointing  from  the  transmit 
antenna  to  scatter  point) 

Dv  -  underdense  trail  difiiision  rate 

and  r,  =  |ri;|  for  i  =  1,  2.  The  factor  sin^(Y™,)  =  1“  sin^(4*5)cos^(p^)  from  the  classical 
formxxlation  where  =  cos~*[cos(y^)/sin((j)Jj  is  the  angle  between  the  propagation  plane  and 
the  plane  containing  observable  meteor  trails  through  the  point  ip\ . 

Empirically-derived  approximations  are  used  for  difl&ision  rate  and  initial  radius.  The  diSusion 
rate  is  dependent  only  on  trail  height  and  is  given  by 

D  =  Du  =  m'  /  s  [18]  (3.6a) 

while  the  initial  radius  is  dependent  on  both  height  and  meteor  speed  from 


18.  E.  L.  Murray,  Ambipolar  diffusion  of  a  meteor  trail  and  its  relation  with  height.  Planet.  Space  Sci.,  Vol.  1, 
1959,  pp.  125-129. 
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m  [19] 


(3.6b) 


ro 


12  0.8 


2.58x10^%, 

na{h^ 


where  na{h^  is  the  atmospheric  particle  density  at  height  hs  ■ 


The  term  in  Eq-  3.5  is  the  dot  product  of  the  normalized  transmit  and  receive  electric 
field  vectors  (in  dB)  at  each  trail  scatter  point.  In  symbols,  Gl^  is  defined  as 


G^  =  101og,o 


(3.7) 


In  this  expression,  the  factor  p  is  defined  as  the  plasma  resonance  an^lification  factor  which 
affects  only  the  transverse  electric-field  vector  scattered  from  the  trail.  Measurements  and  theory 
have  estabhshed  that  /?  =  2  for  a  brief  period  after  trail  formation  when  the  dielectric  constant 
passes  through  the  value 

K  =l-A^,xVe--1.4  (3.8a) 

where  the  electron  volume  density  at  time  t  =  x  is  given  by 

=  - 1- - ^  (3.8b) 

If  the  minimiiTn  required  line  density  of  a  given  observable  trail  yields 

«•<  -1.4,  then  all  underdense  trails  with  ^  ,x  1  vvill  also  pass  through  resonance 

at  some  time  t  >  .  Therefore,  PC  METEORLINK  Version  l.OV  en^loys  Eq.  3.7  to  approximate 
the  amplification  of  the  transversely  polarized  wave  at  the  tmderdense  trad. 

The  PC  METEORLINK  Version  1.0  program  enq)loys  Eq.  3.7  for  all  underdense  trails  in 
both  the  MR  and  DC  calculation.  This  approxunation  overen:q)hasizes  the  role  that  resonance 
plays  in  these  calculations,  particularly  in  the  magnitude  of  the  underdense  trail  contribution  to  the 
DC  value.  To  minimize  the  effect  on  the  DC  calculation,  both  Versions  1.0  and  l.OV  of  the 
METEORLINK  program  enaploy  an  increased  value  of  diSiision  rate  (Du  ^  to  simulate  the 
rapid  decline  of  the  resonance  condition. 

Calculation  of  the  MR  contribution  for  each  potential  amderdense  usable  trail  begias  with  the 
calculation  of  ,x^  from  Eq.  3.3  followed  by  the  calculation  of  the  corresponding 

minimum  mass  firom  Eq.  3.  la.  The  burst  duration  contribution  to  the  DC  value  is  determined  for 
19.  V.  A.  Bronshten,  Physics  of  Meteoric  Phenomena,  Table  23,  D.  Reidel,  Boston,  1983,  p.  217. 


54 


all  line  density  values  In  other  words,  q  is  known  and 

*)  must  be  determined  from 


which  gives  the  received  power  duration  above  for  a  meteor  trail  meeting  the  observability 
criteria  ((P^Vm)- 

Overdense  Trail-Scatter  Model 

Once  the  minimum  underdense  line  density  qZ\iP\ ,\m,L  ,x  I  is  computed,  both  Versions 

1.0  and  l.OV  compute  the  transition  line  density  to  the  overdense  trail  model.  This  transition  has 
been  shown  [20]  to  achieve  a  maximum  value  of 


2V>r  siii(r_)r,j,J. 


(3.10) 


where  oL  is  amount  of  phase  error  imparted  to  the  propagating  wave  within  the  trail.  The 
threshold  value  chosen  for  oL  signifies  the  amount  of  phase  error  induced  by  multiple  scattering 
permitted  before  the  overdense  model  is  determined  to  be  applicable.  Thus,  both  PC 
METEORLINK  Versions  1.0  and  l.OV  confute  and  ,x*^-  If 

<  q^,  then 

,X  j  =  g'sm[‘^s,Vm,L  ,X  j 

and  both  underdense  and  overdense  trails  are  considered  adequate  to  meet  the  usability  criteria. 
Otherwise,  an  overdense  trail  model  is  determined  to  produce  all  usable  trails  meeting  the 
observability  criteria. 


In  PC  METEORLINK  Version  1.0,  the  overdense  trail  scatter  coefficients  are  given  by 


TeK 


aJf  =  4  cos{^^D 


LO  ^  2  2 

as  -  ro  cos 


04  =  —;re 

A  ^ 


(3.11a) 

(3.11b) 

(3.11c) 

(3.  lid) 


with  the  classical  expression  for  path  loss  given  by 


20.  H.  Brysk,  “Electromagnetic  scattering  from  high-density  meteor  trails,”  IRE  Trans.  Ant.  Prop.,  AP-7, 
December  1959,  pp.  S330-S336. 
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Refraction  in  the  underdense  portion  of  the  trail  surrounding  the  overdense  column  reduces  the 
scattered  power  [21],  This  effect  has  been  approximated  in  PC  METEORLINK  Version  l.OV  by 
replacing  sin^(Y  J  =  1- sm^((f)Jcos^(p  J  with  1- sin^((l»,)cos^(|3  J  inEq.  3.11a  and  cos^W  “ 
Eqs.  3.11b  and  3.11c  with  cos^(<t)Jj  where  ^  -  0.3  for  =  0°  and  ^  =  1.7  for  P^  =  90°.  The 

Version  l.OV  program  interpolates  the  remaining  values  of  ^  in  [0°,90°]  from  the  e^qpression 
^  =  2.0-17cos(p^).  In  a  recent  development,  en:q)irical  evidence  suggests  that  ^  is  better 

approximated  by  ^  =  2.0- L7cos^(P^)  [22].  The  coefficients  for  the  overdense  trail  model  used 
by  Version  l.OV  are  given  by 


2  2  nr2(ri+r2)[l-smH<}>.)cos  (p  J] 

Te  A 

(3.13a) 

®“'  =  4cosH'I>> 

(3.13b) 

aP  =  ro^cos^  ('!>,) 

(3.13c) 

2 

LO 

(3.13d) 

These  coefficients  are  used  in  Eq.  3. 12  to  compute  the  maximum  allowable  path  loss  to  meet  the 
usability  requirements 

The  classic  overdense  trail  model  yields  burst  durations  far  in  excess  of  measured  values  [23]. 
Both  versions  of  the  PC  METEORLINK  program  account  for  the  effects  of  neutral  particle 
attachment  to  reduce  these  predicted  values  to  observed  quantities.  In  other  words,  the  line 
density  q  decays  exponentially  with  time  according  to 

9  =  ^f^exp(-p^n^/)  (3.14) 

where 

P^  =  attachment  rate  determined  from  atmospheric  measurements  at  the  trail 
scatter  point 

=  volume  density  of  neutral  particles  involved  in  the  attachment  process  at 
the  scatter  point 

Typical  values  for  the  product  P^«^  vary  between  0.005  and  0.015. 


21.  L.  A.  Manning,  “Oblique  echoes  from  over-dense  meteor  trails,”  J.  Atmos.  Terr.  Phys.,  Vol.  14,  April  1959, 
pp.  82-93. 

22.  D.  yt&isQl,  personal  communication. 

23.  D.  W.  R.  McKinley, /6/d.,  p.  217. 
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The  MAPL  value  for  the  modified  overdense  trail  can  then  be  con:q)uted  fi-om  the  propagation 
path  gain  fimction 


y  V  ‘+03 


=  (3.15) 


wlere/-= 


Pn  ^  « 


time  variable  t,  thus  complicating  the  calculation  of  the  line  density  such  that  a  maximum 

MAPL  value  of  L*  dB  is  achieved  for  at  least  z*  seconds.  In  both  PC  METEORLINK  Versions 
1.0  and  l.OV,  therefore,  Eq.  3.15  is  approximated  by  a  three-term  Taylor’s  series  expansion  of 
Eq.  3.15  about  the  time  at  which  g{t)  given  by  Eq.  3.15  is  maximized,  that  is,  the  MAPL 
value  is  minimized  and  maximum  trail-scattered  power  is  received  fi’om  an  overdense  trail.  The 
time  is  found  usmg  Newton’s  method  to  find  the  single  root  of  the  ex5)ression 


dt 


't=ti 


i  LO 

1“'  f  Tt 


(3.16a) 


or 


dt 


=  a2^hi 


LO  O  uLO\^ 


V 


^LO.LO  ,  ^LO 
Cl2  fmax 


+  aT 


-  -  (a^  +  a¥’)  =  0  (3. 16b) 


The  Taylor’s  series  approximationg(i)  becomes 


dt\t=.‘o 


(3.17a) 


Im 


or  since  -^  =  0  at  t  =  ,  Eq.  3.17a  reduces  to  the  concave-down  parabola  defined  by 

dt 


g{t)  = 


+ 


Id^g 


2  de 


\t=t^ 

I  n) 


(3.17b) 


which  is  symmetric  about  t  =  t^y_ .  This  second  order  expansion  requires  the  second  derivative  of 
git)  given  by 


d^g 

dt^ 


^-3/2  df  ^ 
2*^  dt) 


(3.18a) 


where 
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(3.18b) 


(ff 

df 


nA  + 


LO 

ai 


Cl2 


t  +a3 


iO 


The  parabolic  approxiinatioii  in  Eq.  3. 18b  achieves  the  desired  value  g*  =  l//*  at  the  two  times  U 
and  4  such  that 


( 

( 

II 

AX)  ^ 

4  max  _ 

=  g  and  g{t^  =  g 

+— 
1  ^  J 

Substituting  either  U  or  4  into  Eq.  3. 17b  yields 


* 


g  = 


(3.19) 


The  duration  of  the  received  signal  above  P*,  that  is,  the  duration  of  the  minimum  path  gain 
value  at  or  above  g  ,  is  then  given  by 


t 


LO  _ 
sm 


(3.20) 


Given  the  overdense  line  density  q,  Eq.  3.20  determines  the  corresponding  burst  duration  above 


4.  MB  LUSK  PERFORMANCE 
4.1  Meteor  Rate 

In  the  Version  1.0  program,  the  arrival  rate  of  meteors  meeting  the  observability  and  usability 
criteria,  ({pf ,  vi;)  and  {l* ,  respectively,  is  given  by 


xly^^la 


iV=  j  J  j  j5.(^L)l2ap((^f»vL>-£'*^'C*)|vm3sin(aM)|^aM^^ZLi^TL^^L  (4.1a) 


where 


lilt 

xtyj^ZiccM 


n*  —  /'c-liv  (n  "OIVT 

Qa^  (■^  V  m)\  J 


-is-l 


^Ox 


co^xj 


q  ^dqdv 


(4.1b) 


with  9'!=  (iSfPUl'L* 
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xl  =  maximiim  value  of  for  modeled  scatter  points  above  {xL,y\)  in  the 

L  plane,  serving  as  the  upper  limit  for  down-range  integration  of 
link-usable  sporadic  meteor  flux  values 

=  minimum  value  of  for  modeled  scatter  points  above  (xl  ,  Jl),  serving  as 

the  lower  limit  on  cross-range  integration  of  link-usable  sporadic  meteor 
flux  values 


yl  =  maximum  value  of  Jl,  serving  as  the  upper  limit  on  cross-range  integration  of  link-usable 
sporadic  meteor  flux  values 

(x'„  =  minimum  value  of  trail  orientation  angle  in  the  M  plane  determined  by  (aL  = 

am  -  maximum  value  of  determined  by  (a™  2;z) 


=  minimum  required  trad  line  density  meeting  the  observability  requirement 
(tPs^(xL,yL,ZL},v^=f(xL>yL,ZL,am))>  where  f  is  a  vector-valued  function,  as  well  as  the 
usability  requirements 


q^  =  trail  line  density  threshold  corresponding  to  the  observability  requirement 
(lPs^(xL>yL,ZL},Vm  =  f(xL,yL>ZL,am))  as  weU  a  s  the  signal  Wavelength  . 

Values  for  and  zl  are  determined  from  the  corresponding  trail-scatter  point  height  limits 
/j'  =  80  km  and  /?“  =  120  km  above  (xl  ,  Jl)  are  given  by 


and 


with 


(4.2a) 


(4.2b) 


jL  —  L  L 

dl2  -  |X2-Xl| 

where  (p\  =  (x-^ ,  0,  o)  and  1P2  =  [xi ,  0,  o)  =  (-xh ,  0,  o)  are  the  XL-axis  points  along  the  zenith  to 
antenna  sites y  =  1,  2  and  Rg  is  the  earth’s  radius.  The  parameter  Xsp  (^o.-  ^  vS)  is  the  total  flux  of 
meteors  (number/lmf/steradian/mittute)  producing  a  zenith  line  density  q^^  =4.9x10*^  electrons 
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per  meter  with  trail  direction  vector  v° .  These  tabular  values  were  determined  [24]  from  radar 
measurements  [25]  performed  in  the  former  Soviet  Union  at  Kazan  (earth  coordinates)  and  at 
Mogadishu  (earth  coordinates)  in  Somalia  [26],  The  zenith  line  density  is  as  the  line  density  of  a 
trail  formed  by  the  parent  meteor  traveling  vertically  downward. 

The  term  Bs{z])  in  Eq.  4.1a  accounts  for  transformation  of  the  integration  over  solid  angle 
into  an  integration  over  hei^t  zi,  and  angle  au-  This  transformation  yields  the  expressions  [27] 

’L2^{bz~b2~b\ 

3 
br 


Bs{zi)  =  Pi  “Pa  “ 


P:  (fu3+r 


br 


(4.3a) 


p: 


ri  r2 

bi  =  {fLn+rL2^ 


rui^LlS  ^  y'L2irL23 


ri 


bl  —  (fL12+rL22) 


rhnrhu  ^  TuiiTui^ 


—  (rL13+rL23)  Pi 
br  =  |fLl+fL2| 


rui  = 


rL2i  — 


r2  y 


Xl-X2 


ri 


ri 


rhi2  — 


Xl 


Tlis 


ri 

ri 


^ 

rL22  — 

r2 

rL23  -  — 

r2 


and  the  R-vector  magnitudes 


Xl-XiI 


+  +  7  =  1,2 


(4.3b) 


24.  J.  A.  Pupyshev,  Methods  of  statistical  examination  of  varying  sporadic  meteor  burst  radiant  density  (SMRD) 
over  the  celestial  sphere.  Radiowave  Meteor  Propagation,  Kazan  State  U.  P.,  Vol.  15,  Kazan,  Russia,  1980, 
Technical  Information  Service,  American  Institute  of  Aeronautics  and  Astronautics,  Document  A82- 16532  (in 
Russian). 

25.  O.  I.  Belkovic  and  J.  A.  Pupyshev,  The  variation  of  sporadic  meteor  radiant  density  and  the  mass  law  exponent 
over  the  Celestial  Sphere,  Physics  and  Dynamics  of  Meteors,  R.  Kresak  and  P.  M.  Millman,  eds.,  pp.  373-381,  D. 
Reidel,  Dordrecht,  Holland,  1968. 

26.  N.  T.  Svetashkova,  Density  variations  of  meteor  flux  along  the  earth's  orbit.  Middle  Atmospheric  Program: 
Handbook  for  MAP,  Vol.  25,  R.  G.  Roper  (ed.).  Government  Printing  Office,  Washington,  DC,  August  1987, 
pp.  311-320. 

27.  R.  I.  Desourdis,  Ibid.,  pp.  144-146. 
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where  the  R-vectors  are  defined  by 

and  the  trail  scatter  point  pI  =  {xi^,y^,zi)  and  the  antenna  coordinates  ^x^,yj',zi')and 

{x2j,y\,z^  ■  The  meteor  speed  integration  limits  v,  and  v„  are  bounded  by  11  km/s  and  75  km/s, 
respectively. 

The  PC  METEORLINK  Version  1.0  program  uses  a  meteor  velocity  distribution  consisting  of 
single  values  of  average  meteor  speed  for  each  value  of  radiant  elongation  angle  s.  In  symbols 

=  Ca«(s)5z)[v-v(e)]  (4.4) 

where  v(s)  is  the  average  geocentric  meteor  speed  at  elongation  e  and  5p  is  the  Dirac  delta 
function.  The  use  of  this  approximate  velocity  distribution  in  Eq.  4.  lb  permits  simplification  in 
the  e7q)ression  for  as  follows 


2ap  ~  0 


=  X: 


sp\ 


m't  r  Pv 

7  fr°lf  r  ’^“17'”' 

( 

v,q*  Pvl\^’”) 

^  sm 

cod 

^0: 

V, 

o 

_ 1 

X^) 

^0.. 


q^'^dqdv 


dv 


sp 


/  .o/fc.Ks)5z>[v-v(s)] 


V/ 


Vu 


^0. 


^Icoi 


s(x^)J 


dv 


=  ^sp(^oz.v™)j5n[v-v(e)] 


Vi 


-15-1 


q^z 


=  Xsp(^O.-’Vm) 


qsm{p^s,V\m,L*  COS^X.5m) 

qoz 


dv 


— ly-l 


^®n((P®,v(s)vm,T*,T*^  COS^X.™.) 


(4.5) 


where  *)  =  qJyPl-vylz\x*)  ■  Finally,  the  mass-rate  exponent  used  in 

the  Version  1.0  program  was  determined  fi-om 

j  =  1.9  +  0.12s +0.018^^ 

where  s  is  the  elongation  angle. 
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The  term  X^{qa.,\^  can  be  converted  to  the  sporadic  meteor  flux  ©sp(mor  ,Vm)  is  the  rate 
of  sporadic  meteors  exceedmg  the  minimum  mass  mo  =  m^zl  cos(Xs„)  with  radiant  (zenith 
angle  x^n)  arriving  per  square  kilometer  per  steradian  per  minute.  The  conq)lete  distribution  of 
sporadic  radiants  ©sp(mo.',Vm)  over  the  Celestial  Sphere  is  shown  in  the  appendix  for  each 

month.  Given  this  distribution,  it  is  then  possible  to  express  the  MR  value  in  PC  METEORLINK 
Version  l.OV  as 


J  J  J  J5X2L)!2ap(<P^^vLZ,*,T  )|vm3sin(aM)|^^aM^^ZL^^>'L^^L  (4.6a) 

/  ^11  I  ^ 


XLy^ZLau 


where 


n*  (z  i\n  (  -oU  f 

2ap  =  (‘S-l)0sp(n2o.-,Vm)J  J  - TTcT ^0  ^ 


dmdv 


f  \ 

mo 

W0z,VmjJ  / 

\msm) 

TWO.'zVmjJ 

msm(^P 

dv 


mo 


(4.6b) 


dv 


with 


(4.7) 


msm~  f^sm^lPs’\m’P  ’t  ^ 
and  the  velocity  distribution  is  given  by  Eq.  2. 1. 

Both  Versions  1.0  and  l.OV  of  PC  METEORLINK  used  Gauss  quadrature  to  integrate  the 
expressions  for  arrival  rate,  N ,  or  MR  value.  In  general,  both  programs  conq)ute  the  quadrature 
formula  from 

/{/}  =  pf{u)du 

•'III 

can  be  approximated  by  quadrature  formula  of  the  form 

hif)  =  Zwj/(m,) 

i 

where  the  coefficients  Wi  and  corresponding  points  m,  are  chosen  to  minimize  the  quadrature 
error  \l{f]- Applying  this  quadrature  formula  to  approximate  the  MR-value 

integration  in  PC  METEORLINK  Version  I.O  yields 


Nx  Ify  N:  , 

N  =  ^‘^Nyxizyj  ,Zk,cii) 

j  j  k  I 


(4.8a) 


where 
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(4.8b) 


,Zk,o.^  =  .6^(z*)!2ap|vLsm(am)| 

The  L-system  notation  for  the  values  ,and  z*  is  assumed  as  well  as  M-system  notation  for 

a;.  The  elements  and  vL  are  functions  of  Xi,yj  ,Zt,and  a;.  The  calculation 

values  X,  ,yj  ,  z* ,  and  a ;  for  quadrature  are  defined  by 

Xi'.  Xl  ^  Xi  ^  Xl  for  /  =  1, 2, 

y\ -  yj  -  yl  j=k2,...,n^ 

Zk'-  ZL^Zi^ZLfor^  =  l,2,...,  AT, 

CL,'-  aL (=  '^) ^ a;  ^ al (=  27c)  for /  =  l, 2, ... ,  A/’a 

The  values  for  x,  ,yj  ,Zk,  and  a; ,  and  the  corresponding  coefficient  weights  w, ,  wj ,  Wk ,  and  w, 

are  ^ecified  according  to  the  requirements  uiq)osed  by  the  quadrature  technique,  or  techniques, 
employed. 

PC  METEORLINK  Version  l.OV  ercploys  similar  quadrature  formula  as  the  Version  1.0 
program  with  the  addition  of  the  meteor  speed  integration.  The  MR  value  computed  by  the 
Version  l.OV  program  is  given  by 

Ny  Nz  NaNy  ,  . 

^  =  T,miHllwiWiWjWkWpS^mxi,yj  ,zt,a,,Vp)  (4.9a) 

i  j  k  1  p  '  ^ 

wdiere  the  integration  limits,  quadrature  points,  and  numbers  of  points  are  identical  in  meaning  to 
the  Version  1.0  program  and 

Vp-  v,^Vp^v“foTp=l,2,...,]\l^ 

define  the  integration  limits  and  point  for  meteor  speed.  The  function  Q*^  is  given  by  Eq.  4.6b, 
however,  rather  than  Eq.  4.5. 

The  “ratio  of  q  values”  approach  founded  on  Eq.  4.5  was  employed  in  PC  METEROLINK 
Version  1.0  (translated  VAX  version).  It  is  apparent  from  Figure  2.1,  however,  that  the  velocity 
density  fimction  is  not  well  characterized  at  all  elongation  angles  by  a  single-valued  function.  As  a 

result,  the  ratio  of  m  values  {mo/nCjf  *  varies  with  velocity  and  is  scaled  by  the  probability  ratio 

-i-(va,Vm)/p^^(vm)  determined  from  the  en^irical  velocity  density  function  shown  in 

Figure  2. 1.  For  this  reason.  Version  l.OV  of  the  PC  METEORLINK  program  was  developed  to 
en^loy  a  more  realistic  model  of  the  meteor  velocity  distribution  in  predicting  MB  link  MR  and 
DC  values  using  Eq.  4.6b. 
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4.2  Duty  Cycle 

The  percent  of  time  for  which  the  received  trail- scattered  signal  exceeds  P*  defines  the  MB 
link  DC  value.  Given  the  mininniTn  electron  line  density  q*^ ,  the  PC  METEORLINK  Version  1.0 
program  computes  this  DC  value  as 


xly^zlau 


till 

XLy^ZhOiM 


J  mgiq)x^  (q)dq  +  j  m^{q)x^  {q)dq 


daudzi^dy^dxi.  (4.10a) 


where 


=  (l-5)X™(v™)[^ozCos(x^)  |vLsin(a„)|^"'  (4.10b) 


for^l  <  ^L,and 


U  u  u 

xi^y\^zt(Xu  ^ 

j  j  J  \Bs{zi)\mq{(i)  Xq{q)dqaudzhdy^dxL  (4.11) 

I  1  I  I  • 

Xty^Ziau 


tor  q^m  >  qlm-  The  parameter  Xm(vm)  is  the  flux  of  meteors  with  trail  unit  vector  y°  in  the 
ORBITAL  system  producing  trails  with  minimum  zenith  line  density  of  qoz  =  4.9xl0‘^  electrons 
per  meter. 


In  Version  l.OV  of  the  PC  METEORLINK  program,  the  q  integrations  are  replaced  by  the  double 
intctgral  of  meteor  speed  v  and  mass  tn.  Since  the  meteor  mass  ntsm  can  be  represented  as  the 

product  m^  =  Csnflsm.  then  burst  duration  x^{q)  =  x\ml  C{pl,y^  =  x,n(m)  and  the  Version 
l.OV  e7q)ression  for  the  DC  value  becomes 


x^y^zlati  n 


i  J  1  I 

x^yj^ZLOiM 


Vi 


nism  ^ 

I  mjtn)x^{m)dm+  j  m„{^)x'^{m)dm 


msr 


rris, 


dvdaudzxdy^dxx 


(4.12a) 


where 

nimijn)  =  (5-l)mr‘0sp(mo*,Vm)|vm3sm(am)|/M"''  •  (4.12b) 

and  mL  -  msn.[ply\)„>L\x*)^rnl„,  the  threshold  value  of  mass  such  that  mln=Csr.ql„-  If 
?nl>?«L5then 


xly^zlal 

7-=}j|  Ja(zJJ 


M  p 


(v,Vm) 


I  J  J 


V/ 


\mm{m)x^(m)dwdvdaudzi.dyi,dxL  (4-13) 


trin 
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This  result  indicates  that  the  burst  duration  contribution  from  a  single  meteor  trail  is  theoretically 
independent  of  the  Version  1.0  and  Version  l.OV  model  algorithms.  The  rate  of  occurrence  of 
meteors  producing  this  duration  differs  between  the  two  programs,  however,  because  Version 
l.OV  employs  the  meteor  flux  ©^p  {niQz ,  vk)  of  meteors  exceeding  a  minimum  mass  ^\Me  Version 

1.0  uses  the  flux  Xsp(^o.'’v2)  of  meteors  producing  trails  exceeding  a  minimum  electron  line 
density. 


The  numerical  quadrature  employed  by  PC  METEORLINK  Version  1.0  to  compute  the  DC 
value  is  given  by 

N;,  N,  AT,  No. 

T  =  Y.HYjY.'WiWjWk'WjBsizi) 

i  J  k  I 

for  a*  ^  and 

^  'ism  ^sm 

Nx  N,  N-.  Na  X  /  \  ^/  \ 

T  =  illillyViWjWkWiBs{zi)Yx^nornq\q„ng\(ln\  (4.14b) 

i  j  k  I  no 

for  q^>ql„-  As  in  the  MR  quadratxire,  the  L-system  notation  for  the  values  .and  z*  is 
assumed  as  well  as  M-system  notation  for  a;-  The  elements  Bs{z^, 

mq[q„^  or  J ,  T  ^  x  °  J,  and  vL  in  Eqs.  4. 14  are  functions  of  x, ,  yj  ,  z* ,  and  a,  •  The 

calculation  values  x/,y,  ,z*,  anda,  for  quadrature  were  defined  for  the  MR  calculation  while 
q^^ ,  and  q^^  are  defined  by 


Hu 


L^U 


{q„)T^q[q„)  +  Y.^Vnomq[q„)x^q[q„] 


(4.14a) 


and 

q,^'-  forforno  =  l, 2,-, iVo 

if 

q^,'-  no  =  \'^,-,No 

\tq^>  ql„,  where  q*^  is  a  suitably  large  value  of  electron  line  density  such  that  the  correq)onding 
MR  contribution  is  neghgible,  for  exan:q)le,  q^  =  lx  io“  epm.  The  values  for  q^^  and  q^^  and 
the  corresponding  coefficient  weights  and  are  specified  according  to  the  requirements 

in:q)osed  by  the  specific  quadrature  technique  employed.  PC  METEORLINK  uses  Gauss 
quadrature  for  all  numerical  integrations. 


The  Version  l.OV  of  PC  METEORLINK  program  adds  a  sixth  quadrature  to  account  for  the 
integration  over  meteor  speed  v.  Using  the  expression  nism  —  Csmqsm  and  the  definitions  of  q 
integration  points,  define  the  meteor  mass  integration  points 

mL  ^  ^  mL  for  riu  =  1, 2, ...,  Nv 

and 
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m„o-  min  ^  m„o  ^  for  for  no  =  f  2, No 

if  and 

m„o'  mlm  ^  wi„o  ^  /m£«  for  for  «o  =  1, 2, ..., 

for  mlm  >  min  ■  The  meteor  speed  integration  pomts  defined  for  the  MR  calculation  are 

yp'.  ^  —  Va  for  p—  Ij  2, . . . ,  N V 

Combining  the  mass  and  speed  quadrature  in  the  DC  calculation  yields 


Nxl^sN!Na  / 

t  =  '^Yj'^Yx'Wi'WjWkWiBsiz^YjWi 


i  j  k  I 

for  mlm  ^  min  and 


P  L^u 


Z  mm  {m„J)Tl{m„)  +  £  w„^  mm  {m„)x  m(m„) 

no 

(4.15) 


No 


Nx^yNzNa  /  \  ^  /  \  rt/  \ 

T  =  ZZZZwiWyW*\ii/5^(r*)Zwi>Zn'„oWm(w„jTm(7n„J  (4.16) 

i  j  k  I 


Nv  No 


P  no 


Tftsm  ^  Tflsm  • 
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1.  INTRODUCTION 
1.1  Summary 

This  report  presents  work  performed  for  the  Phillips  Laboratory  by  Science  Applications 
International  Corporation  (SAIC)  to  convert  its  proprietary  VAX-based  METEORLINK  meteor-burst 
computer  model  to  software  capable  of  operation  on  an  IBM-compatible  personal  computer  (PC).  The 
VAX  version  of  METEORLINK  was  written  in  FORTRAN  77  using  several  VAX  VMS-unique  features 
for  I/O  and  pseudo-structured  programming.  The  PC  METEORLINK  program  was  written  in  the 
Borland  Turbo  0++  language  by  directly  translating  the  original  FORTRAN  source  code.  Thrs 
translation  was  completed  successfully  and  several  test  cases  were  performed  using  the  VAX  and  PC 
versions  driven  by  the  same  input  parameters.  These  test  cases  demonstrated  essentially  identical  results 
with  the  exception  of  insignificant  numerical  differences  due  to  the  different  computing  platforms.  The 
initial  PC  translation  of  the  VAX  METEORLINK  program  was  designated  “Version  1.0”  of  the  “PC 
METEORLINK”  computer  program. 

SAIC  sought  to  improve  the  MB  modeling  algorithms  employed  in  the  PC  METEORLINK  program. 
Version  1.0,  by  adding  an  empirical  meteor  velocity  distribution,  a  meteor  mass-based  distribution  of 
sporadic  meteor  flux,  and  several  other  improved  algorithms.  The  addition  of  the  meteor  velocity 
distribution  required  the  addition  of  additional  integration  loops  for  meteor  speed  for  each  modeled 
meteor  radiant.  This  enhanced  version  of  the  PC  METEORLINK  program  has  been  designated  “Version 
l.OV”.  A  measurement-prediction  comparison  has  been  performed  using  Version  l.OV  of  the  PC 
METEOR!  .INK  program  with  comparisons  drawn  to  results  obtained  with  the  VAX  METEORLINK 
program  in  several  earlier  publications  [1,  2,  3].  The  results  of  this  comparison  exhibit  improvement  of 
model  behavior  in  several  respects,  but  the  amount  of  speed  dependence  produces  distortion  in  the 
normal  dirunal  variation  in  excess  of  anticipated  values.  Although  this  distortion  is  apparent,  and 
indicates  that  better  empirical  models  should  be  considered,  the  overall  model  predictions  represent  an 
improvement  over  the  Version  1.0  capability  to  accurately  model  the  performance  of  an  MB 
communications  link. 

METEORLINK  Version  l.OV  calibration  and  validation  were  performed  with  data  taken  from  three 
MB-link  measurement  campaigns,  including  the  Greenland  Meteor  Burst  Test  Bed  [4],  the  JodreU  Bank 
Engineering  Station  [5]  in  the  United  Kingdom,  and  Kazan  State  University  [6]  in  Russia.  The  results 
show  that  both  Versions  1.0  and  l.OV  of  the  PC  METEORLINK  program  yield  similar  accuracy 
although  the  two  models  differ  significantly  in  their  calculation  of  the  usable  meteor  rate  (MR)  and  duty 
cycle  (DC).  The  complete  results  of  the  Greenland  Test  Bed  measurement-prediction  comparison  with 
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antfftina  pattam^  power  margin  and  range.  IEEE MILCOM'88  Conf.  Proc.,  Vol.  1,  October  1988,  pp.  14.5.1-14.5.7. 

2.  R.  I.  Desourdis,  Jr.,  J.  C.  Ostergaard,  and  A.  D.  Bailey,  “Meteor  burst  computer  model  validation  using  high-latitude 
measurements,” A//ZCOM'97  Conf.  Proc.,  Nol.  2,  McLean,  Virginia,  November  1991,  pp.  22.1.1-22.1.5. 

3.  R.  I.  Desourdis,  et.  al.,  “Advanced  Meteor-Burst  Radio  for  Multi-Media  Communications,”  IEEE  MILCOM'94  Conf 
Proc.,  Vol.  2,  Ft.  Monmouth,  New  Jersey,  October  1994,  pp.  685-689. 

4.  R.  I.  Desourdis,  Jr.,  V.  V.  Sidorov,  A.  V.  Karpov,  R.  G.  Huziashev,  L.  A.  Epictetov,  and  D.  W.  Brown,  “A  Russian 
meteor  burst  communications  experiment  and  measurement-prediction  comparison,”  IEEE  MILCOM'92  Conf.  Proc. , 
Vol.  1,  San  Diego,  October  1992,  pp.  1. 6.1-1. 6.5. 

5.  A.  C.B.LovelfMcteoryls/rowowy,  University  Press,  Oxford,  New  York,  1954,  pp.  112-115. 

6.  R.  I.  Desourdis,  Jr.,  V.  V.  Sidorov,  A.  V.  Karpov,  R.  G.  Huziashev,  L.  A.  Epictetov,  and  D.  W.  Brown,  Ibid. . 
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Version  1.0  and  Version  l.OV  predictions 
appear  in  Appendix  A  of  a  companion 
report  [7],  A  comparison  of  model 
prediction  accuracy  for  the  Greenland 
measurements  alone  is  shown  in  Figure  1.1 
and  described  in  Section  4  of  this  report. 
Figures  1.2a  and  1.2b  are  plots  of  the 
daily-average  MR  value  measured  at 
Jodrell  Bank  in  1950-51  with  the 
corresponding  Version  1.0  and  l.OV 
predictions.  The  complete  set  of  month  by 
month  Jodrell  Bank  predictions  are 
provided  in  of  a  companion  report  [7]. 
Although  development  of  Version  l.OV 
was  motivated  in  part  due  reduce  the 
excessive  METEORLINK  prediction  for 
the  Autumn  MR  values,  the  effect  was  not 


Version  1.0A/ersion  1.0V  Accuracy  Distributions 
Philips  Lab  Data  for  March  1989 


Accuracy  Factor  f 


-ALL  Version  1.0  ALL  Version  1.0V  - 
-  MR  Version  1.0V  DC  Version  1.0 


-MR  Version  1.0 
-DC  Version  1.0V 


Figure  1 . 1  Greenland  prediction  accuracy  comparison 


Monthly  Diurnal  Average  Variation 
Jodrell  Bank,  Northwest  Radar  Beam 


altered  by  incorporating  a  more  accmate  meteor  velocity  distribution.  Other  physical  parameters,  such  as 
the  sporadic  meteor  flux  density  or  meteor  velocity  distributions,  may  have  produced  or  maintained  this 
phenomena.  Finally,  MB  measurements  performed  in  Russia  during  April  (radar)  and  May  (forward 
scatter)  were  compared  with  Version  l.OV  predictions  as  shown  in  the  scatter  plots  of  Figures  1.3a  and 
1.3b. 

There  reports  were  written  as  part  of  this  effort  in  addition  to  translation  and  modification  of  the 
original  VAX  FORTRAN  version  of  METEORLINK.  into  a  Turbo  C++  program  for  the  PC.  The 
software  is  accompanied  by  a  “User’s 
Guide”  addressing  both  Versions  1.0  and 
l.OV  of  the  PC  METEORLINK  program. 

It  must  be  noted  that  the  Version  l.OV 
files  can  be  “read”  by  the  Version  1.0 
program,  but  use  of  Version  1.0  input  fiOies 
with  Version  l.OV  will  lead  to  an  I/O 
error.  For  example,  the  number  of  meteor 
speed  integration  points  is  a  required  input 
parameter,  although  the  Version  1.0 
program  does  not  use  this  parameter.  The 
second  report  describes  many  of  the  PC 
METEORLINK  algorithms,  particularly 
those  which  were  altered  in  developing 
Version  l.OV  from  Version  1.0. 

Algorithms  shared  by  both  programs, 
particularly  the  development  of  the 
geometric  model  of  meteor  trail  scatter, 


—JODRELL  BANK  —Version  1.0  —Version  1.0V 


Figure  1.2a  Monthly  MR  Comparison  for  the  Northwest  Beam 


7.  Science  Applications  International  Corporation,  R&D  Equipment  Information  (User’s  Guide),  Contract  #  F19628-93-C- 
0082,  CDRL  A005,  Marlborough,  Mass.,  September  1995. 
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were  referenced  from  a  recent  publication 
[8].  Finally,  this  report  and  the  associated 
Appendices  A  and  B  of  the  companion 
report  [7]  present  prehminaiy  results  from 
the  measurement-prediction  comparison 
performed  using  Phillips  Lab  data 
collected  in  Greenland  and  radar  data 
collected  in  England  at  Jodrell  Bank, 
respectively,  as  well  as  the  Kazan 
measurements. 

This  report  describes  the  algorithms 
employed  in  the  PC  METEORLINK 
Version  1.0  and  l.OV  C++  computer 
programs  used  to  produce  the 
measurement-prediction  comparison 
results  described  in  this  report  and  other 


Monthly  Diurnal  Average  Variation 
Jodrell  Bank,  Southwest  Radar  Beam 


Figure  1.2b  Monthly  MR  Comparison  for  the  Southwest  Beam 


publications  [1,  2,  3].  The  reader  will  note 

that  many  of  the  basic  derivations  assumed  in  this  report  were  published  elsewhere  [7]. 


1.2  Background 

This  technical  manual  describes  the  algorithms  employed  in  the  PC  METEORLINK  computer 
program.  Versions  1.0  and  l.OV.  The  “l.OV”  Version  employs  “velocity-based”  prediction  algorithms 
intended  to  increase  model  fidelity  and,  ultimately,  improve  MB-link  performance  predictions.  These 
algorithms  include  the  integration  of  usable  meteor  rate  with  respect  to  meteor  speed  using  an  empirical 
distribution  for  meteor  velocity.  In  addition,  Version  l.OV  replaces  the  Version  1.0  sporadic  meteor 
distribution  based  on  mitiimiuTi  electron  line  density  with  the  corresponding  distribution  of  sporadic 
meteors  whose  mass  exceeds  a  minimum  specified  value.  Finally,  the  height  of  maximum  ionization  is 
determined  numerically  as  a  fimction  of  meteor  speed  and  maximum  trail  electron  line  density. 

The  PC  METEORLINK  program  is  authored  in  the  C++  language  and  was  ori^ally  translated 
directly  from  the  FORTRAN  77  version  developed  for  the  VAX  3600.  In  other  words,  PC 
METEORLINK  Version  1.0  is  intended  to  reproduce  the  current  VAX  METEORLINK  Version  1.40 
results  as  closely  as  possible  given  the  difference  in  platforms.  An  earher  version  of  the  VAX 
METEORLINK  program  was  provided  to  the  Phillips  Laboratory  as  part  of  a  contract  executed  to 
calibrate  and,  subsequently,  validate  the  VAX  METEORLINK  program.  The  measurements  of  meteor 
arrival  rate  (MR.),  duty  cycle  (DC),  and  other  link-performance  parameters  used  in  this  validation  were 
extracted  from  the  extensive  meteor-burst  data  base  collected  in  Greenland  by  the  Philhps  Laboratory 
[9].  In  fact,  a  limited  validation  of  the  PC  METEORLINK  Version  l.OV  program  was  performed  using 


8.  R.  I.  Desourdis,  “Modeling  and  Analysis  of  Meteor  Burst  Communications,”  Chapter  3,  Meteor  Burst  Communications: 
Theory  and  Practice,  John  Wiley  &  Sons,  New  York,  March,  1993,  pp.  59-342. 

9.  The  PADC  High  Latitude  Meteor  Scatter  Test  Bed,  by  J.  C.  Ostergaard,  J.  E.  Rasmussen,  M.  J.  Sowa,  J.  M.  Quinn,  and 
P.  A.  Kossey,  RADC-TR-86-74  ADA180550,  Hanscom  Air  Force  Base,  Massachusetts,  July  1986,  Unlimited  Distribution. 
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a  subset  of  the  data  employed  in  the 
original  VAX  METEORLINK 
validation.  This  Version  l.OV 
validation  is  described  in  a  companion 
report  [10]. 

1.3  Assumptions 

This  report  uses  symbols  and 
definitions  adopted  by  Chapter  3  of 
Meteor  Burst  Communications: 
Theory  and  Practice  [11].  This  book 
chapter  provides  a  detailed  derivation 
of  the  algorithms  employed  in  the 
original  VAX  METEORLINK 
program  as  well  as  complete 
validation  results  not  previously 
published.  This  report  will  not 
attempt  to  reproduce  material 
presented  iu  this  book  except  to  the 
extent  that  it  is  necessary  to  explain 
the  differences  between  the  PC 
METEORLINK  Version  l.OV  and 
Version  1.0.  It  will  also  be  assumed 
that  the  reader  is  familiar  with  the 
terminology  of  meteor-burst 
communications,  such  as  meteor  rate, 
duty  cycle,  underdense  meteor  rate, 
etc.  and  the  fimdamentals  of  meteor 
astronomy  and  physics. 


57.4-l\/IHz  Meteor  Radar  at  Kazan  in  Russia 
500  W,  5-El  Yagi  @  327  deg,  -114  dBm  RSL 


.  4/3/92  -  4/4/92  -o-Version  1.0V 


Figure  1.3a  Kazan  radar  (backscatter)  measurements 

57.4-MHz  Moscow-Kazan  MB  Link  in  Russia 
700  W,  5-El  Yagis,  -114  dBm  RSL 
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Figure  1.3b  Moscow-Kazan  forward-scatter  MB  link 


Appendix  A  in  Chapter  3  of 
Meteor  Burst  Communications: 

Theory  and  Practice  contains  a 
complete  development  of  useful 
coordinate  systems  for  modeling  MB 

links.  In  this  report^,  only  the  LINK  (L),  METEOR  (M),  and  ORBITAL  coordinate  systems  defined  in 
this  reference  will  be  employed.  Many  other  coordinate  systems  are  defined  in  this  reference,  but  these 
three  systems  can  be  used  to  meet  the  objectives  of  this  technical  report.  The  L  and  M  systems  are  used 
to  determine  the  spatial  orientations  of  meteor  trails  essential  to  effective  radiowave  scattering,  i.e.,  link- 
observable  meteor  trails.  The  O  system  is  used  to  represent  these  Imk-observable  trails  using  the 
coordinate  conventions  used  to  define  the  incident  flux  of  sporadic  meteors  and  the  meteor  velocity 
distribution. 


10.  Science  Applications  International  Corporation,  Scientific  and  Technical  Report^  Contract  #  F19628-93-C-0082,  CDRL 
A003,  Marlborough,  Mass.,  September  1995. 
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Theory  and  Practice,  John  Wiley  &  Sons,  New  York,  March,  1993,  pp.  59-342. 
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2.  ALGORITHM  DEVELOPMENT 

2.1  Technical  Background 

The  development  of  the  VAX  METEORLINK  computer  program  was  described  in  a  recent 
publication  [12],  with  those  model  algorithms  differing  in  Versions  1.0  and  l.OV  of  the  PC 
METEORLINK  described  in  a  companion  report  [13],  This  latter  report  presented  the  algorithms  used 
in  the  PC  METEORLINK  program,  but  it  did  not  explain  how  these  algorithms  were  identified, 
evaluated,  and  ultimately  selected  for  the  model.  This  report  describes  this  process,  presents  the  results, 
and  suggests  further  developments  to  improve  model  predictions.  In  addition,  the  first  measurement- 
prediction  comparison  for  validation  of  the  PC  METEORLINK  Version  l.OV  approach  is  also  presented. 
Validation  results  for  the  VAX  METEORLINK  and  PC  METEORLINK  Version  1.0  programs  have 
been  published  in  previous  works  [14], 

2.2  Model  Development 

The  development  of  any  model  purporting  to  mimic  natural  processes  is  often  a  combination  of  both 
theoretical  and  empirical  algorithms.  This  combination  is  particularly  necessary  in  the  developm^t  of  an 
MB  channel  model  because  most  of  the  atmospheric  and  meteoric  processes  affecting  MB 
communications  are  only  knowable  indirectly  from  measurement.  In  other  words,  theoretical  models  of 
radiowave  scatter  from  meteor  trails  and  associated  atmospheric  phenomena  are  suggested,  developed, 
and  validated  from  observed  light  and  reflectec  radiowaves.  As  a  result,  there  is  significant  uncertaiuty  in 
both  the  validity  of  specific  mathematical  formulations  derived  from  these  measurements  as  well  as  the 
combination  of  formulations  which  produce  the  most  accurate  prediction  of  MB-link  performance. 

The  priuciple  meteoric  parameters  which  govern  the  accuracy  of  METEORLINK  Version  l.OV  are 
the  ionization  coefficient,  Pi(v) ,  the  iuitial  trail  radius,  th®  diffusion  rate,  ,  the  maximum 

ionization  height,  ,  the  underdense/overdense  electron  line  density  threshold,  ,  the  mass-rate 
ejqjonent,  ^(s) ,  and  the  TniniTmim  mass  of  the  meteor  flux  density  distribution,  nio.  Several  e?q)ressions 
for  the  ionization  coefficient  have  been  developed,  including 


(1)  Pi(v)  =  2.6xl0^(vtaps-8.15)'  [15] 

(2.1a) 

(2)  Pi(v)  =  LSxlO'^'v^^  [16] 

(2.1b) 

(3)  pj(v)  =  4.36x10'^v'4^  [5] 

(2.1c) 

(4)  Pi(v)  =  8.4x  10“’(vkii^s— 8.8)  [5] 

(2.1d) 

12.  R.  I.  Desourdis,  “Modeling  and  Analysis  of  Meteor  Burst  Communications,”  Chapter  3,  Meteor  Burst 
Communications:  Theory  and  Practice,  John  Wiley  &  Sons,  New  York,  March,  1993,  pp.  59-342. 

13.  Science  Applications  International  Corporation,  R&D  Equipment  Information  (User ’s  Guide),  Contract  #  F19628-93- 
C-0082,  CDRL  A005,  Marlborough,  Mass.,  September  1995.. 

14.  R.  I.  Desourdis,  Jr.,  J.  C.  Ostergaard,  and  A.  D.  Bailey,  “Meteor  burst  computer  model  validation  using  high-latitude 
measurements,” ZESSM/ICOA/'Pi  Conf  Proc.,  Vol.  2,  McLean,  Virginia,  November  1991,  pp.  22.1.1-22.1.5. 

15.  R.  I.  Desourdis,  Jr.,  V.  V.  Sidorov,  A.  V.  Karpov,  R.  G.  Huziashev,  L.  A.  Epictetov,  andD.  W.  Brown,  “A  Russian 
meteor  burst  communications  experiment  and  measurement-prediction  comparison,”  IEEE  MLCOM'92  Conf  Proc. , 

Vol.  1,  San  Diego,  October  1992,  pp.  1. 6.1-1. 6.5. 

16.  V.  A.  Bronshten,  of  Meteoric  Phenomena,  Table  23,  D.  Reidel,  Boston,  1983,  p.  213. 
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(5)  Pi(v)  =  [5]  (2.1e) 

(6)  pj(v)  =  1.0x10  Vcmpf  [5]  (2.  If) 

(7)  Pi(v)  =  9.5xlO-^Mp.  [5]  (2.1g) 

(8)  Pi(v)  =  10-^M;.  [5]  (2.1h) 

(9)  Pi(v)  =  5.5xl0-^%=^;»  [5]  (2.1i) 


where  VAm/B  Vcmps  meteor  speed  in  meters  per  second  and  centimeters  per  second,  respectively. 
These  e?q)ressions  are  plotted  versus  meteor  speed  in  Figure  1.  As  the  iSgure  shows,  these  expressions 
span  two  orders  of  magnitude  and  exhibit  dijBferent  rate-of-increase  dependence  of  P,(v)  with  meteor 

speed  V.  Each  of  these  e>q)ressions  was  used  to  determine  which  formula  resulted  m  the  “best” 
measurement-prediction  comparison,  both  in  terms  of  absolute  value  and  trends. 


The  classical  expressions  for  the  initial  trail  radius  ro(v,/z/)  are  independent  of  meteor  speed  and  are 
given  by: 

(1)  n(h)  =  10“™’-”  [17]  (2.2a) 

(2)  rM  =  10“™’'”  [6]  (2.2b) 

Intuitively,  the  initial  radius  should  be  dependent  on  meteor  speed  as  well  as  trail  height  ht.  In  fact,  two 
other  expressions  derived  more  recently  than  Eqs.  2.2,  which  include  both  the  eJBFects  of  meteor  speed 
and  atmospheric  particle  density  (versus  trail  height),  are  given  by: 

(3)  ro(v,/2/)  =  135x\& Vcmp:lna{h^  [18]  (2.2c) 

(4)  ro(v,Ar)  =  2.58x  10*v“^/«a(/2^)  [7]  (2.2d) 

These  expressions  are  plotted  in  Figure  2  for  heights  of  90,  100,  and  110  km  above  sea  level  for 
Eqs.  2.2c  and  2.2d. 

The  ambipolar  difiusion  rate,  ,  determines  the  duration  of  individual  meteor  bursts  and  has 

been  empirically  determined  as  a  function  of  trail  height.  The  classical  expression  for  difiusion  rate  is 
given  by: 


(1)  D(h)  =  [19]  (2.3a) 

which  was  determined  as  a  regression  curve  fit  to  height  measurements  with  difiusion  rate  as  the 
mdependent  variable.  In  METEORLINK,  however,  the  height  is  known  and  the  difiusion  rate  is  sou^t. 
For  this  reason,  PC  METEORLINK  also  includes  the  expression  for  D{h^  derived  from  the  regression 

of  D-values  Avith  ht  as  the  independent  variable.  This  latter  expression  can  be  determined  from  the 
published  linear  regression  results  [20]  to  yield: 

17.  D.  W.  R.  McKinley,  Meteor  Science  and  Engineering,  McGraw-Hill,  New  York,  1961,  p.  199. 

18.  V.  A.  Bronshten,  Ibid,,  p.  217. 

19.  D.  W.  R.  McKinley,  Ibid,  p.  202. 

20.  E.  L.  Murray,  Ambipolar  diffusion  of  a  meteor  trail  and  its  relation  with  height.  Planet.  Space  Sci.,  Vol.  1,  1959, 
pp.  125-129. 
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(2)  D{h)  = 


(2.3b) 


which  is  plotted  with  Eq.  2.3a  in  Figure  3. 

The  height  of  maximum  ionization,  is  the  height  at  which  the  meteoric  ionization  achieves  its 
mavimnin  value  along  its  flight  through  the  atmosphere.  Three  basic  e7q)ressions  were  considered  for 
including; 

(1)  HmiK=  constant  (typically,  93-96  km)  [21]  (2.4a) 

(2)  039v^^  +  7S.0  [22]  (2.4b) 

(3)  44.0 log,o(vib.J- 4.4 logjo(0 +^2.0  [23]  (2.4c) 

where  is  the  maxiTniiTri  ionization  achieved  at  Hoax  ■  practice,  is  a  function  of  Hnax  so  a 
root-finding  algorithm  must  be  employed  to  solve 

-44.0  log,,  4.4  logi„[q'„3,(ifmax)]- 82.0  =  0 

for  the  proper  value  of  Hm^x  • 

The  underdense/overdense  threshold  is  the  value  of  hue  density  used  by  PC  METEORLINK 
Version  l.OV  to  deterroine  whether  the  underdense  or  overdense  trail  model  is  used  to  compute  the 
miTiiTniim  usable  mass.  Although  q^  has  been  traditionally  approximated  as  a  constant  value,  such  as 
0.75  X  10^"^  or  2.4  x  10^"^  electrons  per  meter,  all  METEORLINK  versions  use  the  egression 

iL  =  2,:''=sm(T  Jr.(v,fc)4.iAr.  [24J  (2.5) 

^ere  is  the  angle  between  the  transmit  R-vector  and  the  meteor  trail,  re  is  the  classical  electron 
radius,  and  oLi  is  the  upper  bound  on  scattered  signal  phase  shift  delineating  the  onset  of  overdense  trail 
scatter.  This  expression  accounts  for  the  dependence  of  thj  -shold  value  on  signal  wavelength  as  well  as 
trail  geometry,  meteor  velocity,  and  hei^t  above  sea  level. 

The  mass-rate  exponent,  ^(s) ,  determines  the  MR  value  associated  for  a  meteor  of  mass  m  according 
to  CsJn~^^^K  where  Cs  is  a  constant  dependent  on  meteor  velocity.  In  the  VAX  METEORLINK 
versions,  the  mass-rate  exponent  is  given  by 

5(s)  =  L9  +  0.12s  +  0.0l8^  [25]  (2.6) 


21.  R.  I.  Desourdis,  Jr.,  V.  V.  Sidorov,  A.  V.  Karpov,  R.  G.  Huziashev,  L.  A.  Epictetov,  and  D.  W.  Brown,”  Ibid. . 

22.  D.  W.  R.  McKinley,  Ibid,  p.  129. 

23.  Ibid,p.  181. 

24.  H.  Brysk,  “Electromagnetic  scattering  from  high-density  meteor  trails,”  IRE  Trans.  Ant.  Prop. ,  AP-7,  December  1959, 
pp.  S330-S336. 

25.  N.  T.  Svetashkova,  Density  variations  of  meteor  flux  along  the  earth's  orbit.  Middle  Atmospheric  Program:  Handbook 
for  MAP,  Vol.  25,  R.  G.  Roper  (ed.).  Government  Printing  Office,  Washington,  DC,  August  1987,  pp.  311-320. 
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This  dependence  of  mass-rate  exponent  on  elongation  angle  could  be  due  to  inaccrurate  modeling  of  the 
meteor  velocity  distribution  in  using  radar  measurements  to  determine  ^(s) .  For  this  reason,  the  PC 

METEORLINK  Version  l.OV  assumes  that  j(s)  =  constant,  set  between  2.0  and  2.5. 

Finally,  the  minitmini  meteor  mass  is  the  minimmn  mass  of  meteors  included  in  the  sporadic 
meteor  flux  density  distribution.  The  sporadic  flux  references  [26]  reference  the  same  Kazan  and 
Mogadishu  radar  measurements  while  referencing  mo  values  ranging  from  3.0  x  10'^  grams  5.5  x  10'^ 
grams.  Minimum  mass  values  were  reported  for  the  same  data  set  at  values  as  hi^  as  1.0  x  10'^  grams, 
although  this  value  was  probably  due  to  scaling  of  the  data  by  the  author  to  achieve  particular  results. 


3.  SOFWARE  DEVELOPMENT 

Any  computer  model  employing  empirically  and  theoretically-derived  expressions  from  a  variety  of 
researchers  must  be  adjusted  so  that  it  yields  accmate  measurement-prediction  comparisons  for  a  known 
data  set.  This  process,  called  “calibration,”  is  intended  to  yield  the  most  accurate  prediction  model  for 
use  in  predicting  performance  to  “unfamiliar”  inputs,  that  is,  model  “validation”.  The  need  for  calibration 
is  particularly  true  when  expressions  used  in  the  model  are  developed  by  researchers  using  a  variety  of 
theoretical  assumptions  and  experimental  techniques  over  many  years.  This  situation  is  the  case  in  MB 
communications  and  in  the  field  of  meteor  physics  and  astronomy  in  general.  In  the  case  of  PC 
METEORLINK  Version  l.OV,  these  adjustments  include  the  use  of  different  combinations  of  Eqs.  2.1 
through  2.6  as  well  as  values  of  rrio  within  the  referenced  range.  In  addition  to  selection  of  the  most 
appropriate  expression,  the  individual  constants  within  each  expression  could  be  adjusted  to  achieve  the 
best  overall  agreement  between  measurement  and  prediction.  Ideally,  minimum  adjustment  to  the 
various  coefficients  would  be  necessary  to  achieve  an  acceptable  measurement-prediction  comparison. 
Hopefully,  the  calibrated  model  would  produce  accmate  predictions  over  the  full  range  of  input 
parameters  for  the  intended  model  apphcations. 


4.  RESULTS 
4.1  Phillips  Lab 

The  METEORLINK  computer  model  was  used  to  predict  the  MR  and  DC  values  recorded  on  an 
experimental  MB  link  operated  in  Greenland  by  the  PMUips  Laboratory  (PL)  and  established  by  the 
Rome  Air  Development  Center  (RADC)  in  1984  [27].  The  results  of  the  absolute  analysis  and 
accompanying  discussion  presented  in  this  section  were  derived  from  previous  work  [28].  These 
measmements  were  recorded  on  the  Greenland  Meteor  Bmst  Test  Bed  for  one-way  MB  links  operating 
from  Sondrestrom  AFB  to  Thule  AFB  (1200  km).  These  links  operated  at  45,  65,  85,  and  104  MHz 
using  resonant  five-element  Yagi  antennas  on  each  frequency.  METEORLINK  predictions  of  MR,  DC, 
imderdense  trail  MR  (UMR),  underdense  trad  DC  (UDC),  the  tmderdense  percentage  of  the  (%UMR), 
and  the  underdense  percentage  of  the  duty  cycle  (%UDC)  were  compared  with  the  corresponding 

26.  J.  A.  Pupyshev,  T.  K.  Filimonova,  and  T.  V.  Kazakova,  Maps  of  the  distribution  over  the  entire  celestial  sphere  of  the 
sporadic  meteor  radiant  density.  Radiowave  Meteor  Propagation^  No.  15,  Kazan  State  U.  P.,  Kazan,  Russia,  1980, 
Document  A82-16533,  Technical  Information  Service,  American  Institute  of  Aeronautics  and  Astronautics,  (in  Russian). 

27.  The  RADC  High  Latitude  Meteor  Scatter  Test  Bed,  by  J.  C.  Ostergaard,  J.  E.  Rasmussen,  M.  J.  Sowa,  J.  M.  Quinn,  and 
P.  A.  Kossey,  RADC-TR-86-74  ADAl  80550,  Hanscom  Air  Force  Base,  Massachusetts,  July  1986,  Unlimited  Distribution. 

28.  R.  I.  Desourdis,  Jr.,  J.  C.  Ostergaard,  and  A.  D.  Bailey,  “Meteor  burst  computer  model  validation  using  high-latitude 
measurements, Conf.  Proc.,  Vol.  2,  McLean,  Virginia,  November  1991,  pp.  22.1.1-22.1.5. 
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measurements  for  45,  65,  85  and  104  MHz;  minimum  RSL-values  of  -120,  -110  and  -100  dBm;  and 
12  times  per  day  for  a  total  of  five  months.  The  PL  measurements  performed  for  horizontally 
polarization  were  used  in  this  calibration  and  validation  effort. 

Measured  data  consists  of  calibrated  received  signal  level  (RSL)  samples  recorded  throughout  any 
propagation  event,  t5^ically  trail— scatter  or  sporadic  E,  whenever  the  transmitted  signal  fi'om 
Sondrestrom  is  identified.  Trad— scattered  signals  are  detected  and  recorded  digitally  for  PL 
post— processing.  Noise  powers  are  periodically  recorded  and  receiver  measurements  are  monitored  and 
periodically  re-calibrated.  Measurement  post— processing  classifies  sampled  events  as  trad— scatter  or 
sporadic  E,  distinguishes  between  xmderdense  and  overdense  trad  RSL  behavior  [29],  and  yields  the  bi- 

hourly  MR  and  DC  for  RSL  values  ( p*)  exceeding  specified  thresholds.  In  addition,  average  noise 
measurements  versus  fi'equency  and  time  are  processed,  typically  showing  the  expected  decrease  in 
Galactic  noise  power  with  increasing  jfrequency  as  wed  as  its  characteristic  2-3  dB  diurnal  variation.  An 
important  attribute  of  the  PL  measurement— derived  MR  and  DC  values  is  that  noise  imcertainty  can  be 
eliminated  firom  the  measurement— prediction  comparisons. 

Input  parameters  for  METEORLINK  predictions  corresponding  to  the  Greenland  measurements 
were  derived  directly  j&om  the  ST-link  configuration.  A  subset  of  these  comparison  results  spanning  the 
fuU  range  of  observed  model  accuracy  were  used  in  the  calibration  and  validation  efforts. 
NEC-computed  antenna  electric  field  patterns  were  generated  by  PL  engineers  and  used  for  the  45,  65, 
85,  and  104  MHz  antennas.  The  antenna  foregrounds  at  the  Thule  receive  site  permitted  pattern 
calculations  assuming  smooth-earth  ground  reflections.  The  Sondrestrom  patterns  were  generated  using 
NEC-computed  free-space  patterns  modified  to  account  for  ground  reflections  produced  by  asymmetrical 
terrain  blockage  in  the  antenna  foreground.  Both  transmit  and  receive  antennas  were  pointed  along  the 
boresight  >  the  opposite  end  of  the  link.  A  transmit  power  of  29.45  dBW  was  assumed  at  the  input  to 
each  Sondrestrom  transmit  antenna.  Plots  of  PC  METEORLINK  Version  1.0  and  Version  l.OV 
prediction  accuracy  are  presented  in  Appendix  A. 


4.2  Jodrel’  Bank 

A  meteor  radar  was  constmcted  and  operated  at  the  Jodrell  Bank  Experimental  Station  of  the 
University  of  Manchester,  England  beginning  in  1949  [30].  The  radar's  mission  was  to  measure  the 
hourly  rate  of  qioradic  meteors  as  well  as  to  determine  the  radiants  of  both  major  and  minor  meteor 
streams  [31].  In  the  radar  case,  the  scattering  ellipsoid  becomes  a  sphere  and  the  potential  common 
volmne  is  maximized  for  omni-directional  antenna  patterns.  The  Jodrell  Bank  results,  however,  consist 
of  MR-values  measured  with  highly  directional  antenna  beams.  Thus  MR  predictions  of  the  Jodrell  Bank 
measurements  must  track  the  interaction  between  narrow-beamed  antennas,  spherically-dispersed  hot 
spots  and  trail  backscatter  to  reproduce  the  observed  diurnal  variation. 

The  Jodrell  Bank  (2°  18' W,  53°  14' N)  measurements  were  performed  at  a  frequency  of  72  MHz 
using  two  independent  antenna  arrays,  each  illuminating  different  portions  of  the  sky.  Each  array 


29.  J.  A.  Weitzen,  "A  Data  Base  Approach  to  Analysis  of  Meteor  Burst  Data,"  Radio  Science,  Vol.  22,  January,  1987, 
pp.  133-140. 

30.  A.  C.  B.  Lovell,A/eiec»r.(45/rono»2>',  University  Press,  Oxford,  New  York,  1954,  pp.  112-115. 

31.  A.  Aspinall,  J.  A.  Clegg  and  G.  S.  Hawkins,  "A  Radio  Echo  Apparatus  for  the  Delineation  of  Meteor  Radiants," 
Philosophical  Magazine,  Vol.  7,  No.  42,  pp.  504-514. 
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reportedly  [32]  consisted  of  six  horizontally  polarized  six-element  Yagi  antennas  with  6  dB  beamwidths 
in  the  horizontal  and  vertical  planes  of  10°  and  a  corresponding  peak  gain  of  approximately  24  dBi  at  an 
elevation  angle  of  8.5°.  The  two  arrays  were  placed  at  equal  distances  from  either  side  of  the  building 
containing  the  transmitter  and  receiver.  The  antenna  beams  were  fixed  to  point  along  different  bearings, 
242°  (southwest  beam)  and  292°  (northwest  beam)  clockwise  from  true  north,  respectively.  It  has  been 
separately  stated  that  the  antenna  bearings  were  ±25°  of  true  west  [33]  for  the  sporadic  meteor  survey, 
although  the  former  values  were  used  in  this  measurement-prediction  comparison. 

The  radar's  peak  transmitter  power  was  5  kW  (37  dBW)  and  its  minimum  detectable  power  was 
7  X  W  (-102  dBm).  A  burst  duration,  i.e.,  radar  pulse,  of  8  ps  duration  was  employed  with  a 
repetition  rate  of  150  pulses  per  second.  Dual  pulses  spaced  300  ps  apart  were  used  to  minimize  noise 
spoofing  of  the  scrolled  photographic  recording  of  received  pulses.  Transmissions  were  made  on  both 
antennas  simultaneously  but  receptions  were  recorded  through  separate  receive  chains  from  each 
antenna.  Thus  the  transmitted  power  into  each  antenna  was  about  2.5  kW.  Plots  of  received  pulses 
during  the  Geminid  (December)  meteor  shower  of  1949  clearly  show  the  stream  radiant  passing  through 
the  southwest  beam  and  then,  about  one  horn:  later,  passiag  through  the  northwest  beam,  as  the  earth 
rotates  in  the  stream  [34]. 

Average  hourly  MR-values  were  derived  from  continuous  radar  measurements  that  panned 
contiguous  months  from  October  1949  through  September  1951  [35].  In  other  words,  the  averaged 
MR-values  for  each  hom  represent  the  average  of  aU  MR-values  collected  for  that  hour  in  each  day  of 
the  specified  month.  MR-values  attributed  to  known  meteor  showers  were  extracted.  Since  the  two 
antenna  beams  pointed  to  different  bearings,  two  independent  sets  of  averaged  MR-values  were  obtained 
simultaneously.  No  statistical  fluctuation  (error  bars)  were  provided  for  these  measurements. 
Otherwise,  these  results  provide  an  excellent  source  of  validation  data  for  measurement-prediction 
comparisons  of  diurnal  and  seasonal  variation. 

METEORLINK  predictions  were  performed  using  the  docximented  radar  parameters,  although  no 
NEC-generated  pattern  was  available  to  model  the  Yagi  arrays.  Instead,  an  antenna  pattern  for  two 
vertically  stacked  (half-wavelength  separation)  horizontally  polarized  12-element  Yagis  at 
five  wavelengths  hei^t  was  used  to  approximate  the  Jodrell  Bank  array.  The  3  dB  beamwidths  were 
increased  to  about  35°  in  the  horizontal  plane  and  40°  in  the  vertical  plane  with  a  corresponding  reduction 
in  peak  gain  to  about  18  dBi  at  an  elevation  angle  of  8°.  This  pattern  was  oriented  at  both  292°  and  242° 
clockwise  from  true  north,  thus  approximating  the  southwest  and  northwest  antenna  beams,  respectively, 
of  the  JodreU  Bank  radar. 

A  5  kW  transmitter  output  power,  p, ,  was  assumed  mto  each  antenna,  imlike  the  2.5  kW  used  by  the 
Jodrell  Bank  radar.  As  m  the  measurements,  a  frequency  ( )  of  72  MHz  was  assumed  with  a 

required  received  power  of -102  dBm.  A  required  burst  duration  of  10  ms  was  assumed  to  account 
for  the  radar  repetition  rate  (150  per  second)  with  "average"  offset  from  the  start  of  a  burst  imtil  the 
arrival  of  a  radar  pulse.  The  additional  3  dB  of  transmit  power  into  each  antenna  somewhat  offset  the 
difference  m  actual  versus  modeled  peak  antenna  gains.  Nevertheless,  the  assumed  antenna  patterns  can 

32.  Ibid.,  pg.  506. 

33.  A.  C.  B.  Lovell,  Ibid,  pg.  112. 

34.  A  Aspinall,  J.  A.  Clegg  and  G.  S.  Hawkins,  Ibid.,  pg.  511. 

35.  A  C.  B.  Lovell,  Ibid.,  pg.  114. 
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only  be  considered  an  approximation  to  the  actual  patterns.  Since  the  modeled  antenna  illuminates  a 
greater  sky  volume  than  the  Jodrell  radar  antenna  (wider  main  beam,  albeit  with  reduced  power  gain),  the 
absolute  MR-values  would  be  expected  to  vary  somewhat  between  measurement  and  prediction.  The 
data  used  in  this  study  was  collected  for  the  period  from  October  1950  through  September  1951.  The 
prediction-measurement  comparison  for  the  Jodrell  Bank  data  is  presented  in  Appendix  B. 


4.3  Calibration  and  Validation 

The  PC  METEORLINK  Version  l.OV  program  was  used  to  predict  the  MR,  DC,  UMR,  UDC, 
%UMR,  and  %UDC  for  the  45-MHz  ST  link  at  -120  dBm,  the  85-MHz  link  at  -120  and  -100  dBm,  and 
the  104-MHz  link  at  -100  dBm.  These  links  were  modeled  for  four  times  of  day,  0,  6,  12,  and  18  hr. 
local  time  (LT).  All  PL  results  are  presented  as  the  ratio,  or  validation  measure,  ^en  by 


Dm 


loi 


METEORLINK  predicted  value  ^ 
Greenland  MB  Test  Bed  measurement/ 


so  the  factor  2.0  corresponds  to  0.3  and  0.5  corresponds  to  -0.3.  The  JodreU  Bank  MR  measurements 
for  the  northern  radar  beam  in  January  were  used  to  support  additional  calibration  of  the  model.  The 
actual  MR  values  are  plotted  along  with  the  corresponding  predictions  to  illustrate  the  observed  dirunal 
behavior  as  well  as  to  compare  measurement  with  predictions  from  both  Versions  1.0  and  l.OV  of  PC 
METEORLINK.  The  PL  and  Jodrell  Bank  data  used  for  calibration  are  presented  in  the  indices  shown 
at  the  be^nning  of  Appendices  A  and  B,  respectively.  These  predictions  were  performed  iteratively  until 
the  average  values  of  MR,  DC,  UMR,  UDC,  "/oUlVnC  and  %UDC  were  within  factors  of  0.5  and  2.0  of 
the  corresponding  measurements. 

Several  combinations  of  Eq.  2. 1-2.6  were  evaluated  to  produce  the  results  shown  in  Appendices  A 
and  B.  Eq.  2.  li,  namely 


(9)  Pi(v)  =  5.5  xlO"'* v’4p^  [5]  (4-1) 

was  found  necessary  to  produce  the  proper  diurnal  variation,  particularly  for  the  Jodrell  Bank  data  set. 
The  initial  trail  radius 


(3)  ro(v,;2,)  =  135x\Q\cmp;lna{h)  (4-2) 

was  found  necessary  to  create  an  acceptable  relative  magmtudes  between  the  45  and  85-MHz  calibration 
results.  The  diffusion  rate  was  modified  from  the  ori^al  Eq.  2.3b 

(2)  D(h)  =  (4.3a) 

to  the  smaller  value 


D(h)  =  (4.3b) 

which  differs  by  a  factor  of  approximately  1.5  from  the  original  expression.  The  height  of  maximum 
ionization  was  determined  using  the  iterative  approach  based  on  the  original  expression 

(3)  44.0  logj„(v*m;.)- 4.4  logi„(^J  + 82.0  (4.4a) 

modified  to  decrease  the  dependence  on  maximum  line  density  according  to 
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(4.4b) 


i/max  =  44.01ogjo(vfe,J  -  3.31og,o(^  J  +  82.0 

The  expression  for  threshold  electron  line  density 

=  27i’^^sin(Y  Jro(v,/j/)<I)LAre  (4.5) 

and  the  mass  exponent  s  =  2.40  in  order  to  achieve  an  acceptable  relationship  between  the  45  and 
85-MHz  PL  results  and  the  Jodrell  Bank  72-MHz  radar  results.  Finally,  the  minimum  mass  Wo  was  set  to 
a  value  of  6.5  x  lO"*^  gm  to  achieve  an  acceptable  measurement-prediction  comparison. 

The  validation  predictions  for  the 
PL  and  Jodrell  Bank  measurements  are 
presented  in  appendices  A  and  B, 
respectively.  Figure  3.1  shows  a  plot 
of  the  percentage  of  predictions  within 
the  factors  /  and  \lf  plotted  versus  / 
along  the  abscissa.  The  PL  MB-Unk 
predictions  from  both  Versions  1.0  and 
1.0  V  show  that  more  than  half  of  the 
predictions  at  all  four  Greenland  Test 
Bed  frequencies  lie  within  factors  of 
0.5  and  2.0  of  the  measured  values  for 
aU  MB-link  performance  measures. 

The  figure  shows  that  both  PC 
METEORLINK  versions  exhibit 
similar  accuracy,  with  Version  1.0 
slightly  more  accurate  for  small  errors 
(f  <  5)  and  Version  l.OV  is  slightly 
more  accurate  for />  5. 

Similarly,  the  Jodrell  Rank  results  show  similar  error  factors  for  the  early  part  of  the  year,  that  is, 
through  August,  with  September  and  October  results  from  Version  l.OV  exhibithig  optimistic  (too  high) 
MR  values.  Since  the  xmdulation  m  the  validation  measure  varies  with  frequency,  this  effect  (observed  in 
the  45-MHz  results)  may  not  be  associated  with  the  ionization  coefficient  (fifth-power  dependence)  but 
with  the  antenna  patterns.  If  lobes  existed  m  locations  other  than  those  assumed  in  the  modeling  effort, 
than  different  calibration  and  validation  results  would  have  likely  been  the  outcome. 

4.4  Russian  Measurements 

Meteor  radar  measurements  were  performed  in  April,  1992  at  Kazan  (55°  O'  N,  48°  48'  E)  using  a 
five-element  Ya^  antenna  at  9-m  height  over  wet  grotmd  pointed  at  327°  east  of  north.  Transmitter 
output  power  was  500  Watts  and  the  minimum  bmst  duration  was  20  msec.  Only  two  days  of  received 
signal  level  (RSL)  samples  were  recorded  because  of  equipment  problems.  The  measured  hourly  MR- 
values  above  -114  dBm  RSL  are  plotted  in  Figure  3.2.  Ike  classic  diiimal  variation  is  apparent  as  well  as 
the  significant  day-to-day  variation  of  the  observed  hourly  MR-value  from  the  same  hour  on  subsequent 
days. 

A  forward  scatter  MB  link  was  operated  from  Moscow  (55°  30'  N,  37°  36'  E)  to  Kazan  with  hourly 
average  MR-values  available  for  May  16-24,  1992.  Each  link  site  employed  a  5-element  Yagi  antenna  at 
9-m  height  over  medium  dry  ground  pointed  along  the  link  Great  Circle  path  (GCP).  The  Moscow  site 
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Version  I.OA^ersion  1.0V  Accuracy  Distributions 
Philips  Lab  Data  for  March  1989 


Accuracy  Factor  f 

-a- ALL  Version  1.0  -•-ALL  Version  1.0  V  -a- MR  Version  1.0 
IVR  Version  1.0V  -h~  DC  Version  1.0  DC  Version  1.0V 


Figure  3. 1  Comparison  of  model  accuracy  versus  factor  / 


S7.4-MHZ  Meteor  Radar  at  Kazan  in  Russia 
500  W,  5-El  Yagi  @  327  deg,  -114  dBm  RSL 


used  700-Watt  transmitter  output 
power  and  a  20-nisec  minimiun  burst 
duration  above  -114  dBm  was  required 
at  the  Kazan  receive  site.  The 
measurement-prediction  comparison 
results  are  shown  in  Figure  3.3.  The 
nine  days  of  link  measurements 
exhibited  the  classic  diurnal  variation 
with  higher  rates  than  observed  on  the 
Kazan  radar,  probably  due  to  the 
increased  forward  scattering  angle  and 
transmitter  power  of  the  Moscow- 
Kazan  link.  A  significant  day-to-day 
variation  in  measured  hourly 
MR-values  is  apparent  due  to  normal 
fluctuation  in  the  incident  meteor  flux. 
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Universal  Time 
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Figure  3.2  Kazan  radar  (backscatter)  measurements 


57.4<MHz  Moscow-Kazan  ME  Link  in  Russia 
700  W,  S-EI  Yagis,  -114  dBm  RSL 
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4.5  Summary  of  Results 

The  PL  measurement-prediction 
comparison  using  the  PC 

METEORLINK  Version  l.OV 
program  exhibited  comparable 

accuracy  to  the  Version  1.0  program. 

The  Jodrell  Bank  Version  l.OV 
accuracy  was  also  similar  to  the 
accuracy  of  the  Version  1.0  results. 

Finally,  the  Kazan  comparison  showed 
that  the  Version  l.OV  accuracy  was 
somewhat  better  than  the  Version  1.0 
results  [36],  albeit  these  results  were 
not  presented  in  this  report.  In  all  of 
these  predictions,  the  discrepancies 
between  prediction  and  measurement 
apparent  in  these  results  may  be  due  to 
differences  between  the  modeled  and  actual  values  of  sporadic  meteor  radiant  density,  meteor  velocity 
distributions,  antenna  patterns,  atmospheric  constants,  trail  physical  parameters,  and  trail-scatter  loss 
mechanisms.  In  particular,  the  apparent  inaccuracy  of  Version  l.OV  in  September  and  October  is 
apparently  due  to  the  appearance  of  significant  flux  approaching  from  greater  elongation  angles  than 
during  the  other  months  (see  the  appendix  in  the  companion  technical  report  [37]).  If  these  “lobes”  in  the 
flux  were  removed  from  the  sporadic  flux  table,  the  Jodrell  Bank  measurement-prediction  comparison 
results  could  be  improved. 
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Figure  3.3  Moscow-Kazan  forward-scatter  MB  link 


36.  R.  I.  Desourdis,  Jr.,  V.  V.  Sidorov,  A.  V.  Karpov,  R.  G.  Huziashev,  L.  A.  Epictetov,  and  D.  W.  Brown,”  Ibid. . 

37.  Science  Applications  International  Corporation,  Computer  Software  Product  Item,  Contract  #  F19628-93-C-0082, 
CDRL  A006,  Marlborough,  Mass.,  September  1995. 


80 


5.  CONCLUSIONS  AND  RECOMMENDATIONS 


Although  PC  METEORLINK  Version  l.OV  demonstrated  sUghtly  less  accuracy  in  predicting  the  PL 
and  JodreU  Bank  results,  SAIC  believes  that  additional  “fine  tuning”  of  the  Version  l.OV  algorithms  and 
physical  constants  will  ultimately  yield  better  accuracy  than  Version  1.0.  This  conclusion  is  based  on  the 
belief  that  the  Version  l.OV  model  employs  a  more  realistic  velocity  distribution,  and  other  physical 
models,  than  Version  1.0.  SAIC  therefore  recommends  that  the  Version  l.OV  programs  be  employed  for 
fiiture  MB-hnk  predictions  as  well  as  further  model  improvement  efforts. 

At  this  point,  the  Version  l.OV  program  should  undergo  another  calibration  effort  to  achieve  better 
results  than  those  published  in  this  report,  i.e.,  better  than  those  provided  by  Version  1.0.  SAIC  believes 
that  more  than  one  set  of  physical  models  and  their  associated  constant  parameters  wdU  yield  a  “good” 
measurement-prediction  comparison.  In  particular,  the  expression  for  ionization  coefficient  should 
further  considered  for  calibration  efforts  since  the  expression  used  in  Version  l.OV  yields  excessive 
diurnal  variation.  Future  efforts  could  investigate  other  expressions  for  the  ionization  coefficient  not 
attempted  during  this  limited  effort. 
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6.  APPENDIX  A:  GREENLAND  TEST  BED  RESULTS 


This  appendix  presents  plots  of  the  validation  measure; 

METEORLINK  predicted  value 
Greenland  MB  Test  Bed  measuremen 

for  the  usable  meteor  rate  (MR),  link  duty  cycle  (DC),  underdense  meteor  rate  (UMR),  underdense  duty 
cycle  (UDC),  underdense  percentage  of  the  MR  value  (%UMR),  and  the  underdense  percentage  of  the 
duty  cycle  (%UDC).  The  measurements  used  for  this  comparison  were  obtained  by  the  Phillips 
Laboratory  (then  the  Air  Force  Geophysics  Laboratory)  in  Greenland  in  March  of  1989.  Each  plot 
contains  the  results  for  both  the  original  VAX  METEO^INK  (similar  to  PC  METEORLINK  Version 
1.0)  and  PC  METEORLINK  Version  l.OV.  The  following  table  provides  an  index  to  help  the  reader 
locate  specific  results.  The  measurements  used  for  the  calibration  data  are  shown  m  italic  font  in  the 
table  below. 


Rx  Power 

Frequency  [Figureure  #  /  Page  #] 

Quantity 

(dBm) 

45  MHz 

65  MHz 

85  MHz 

104  MHz 

-120  [A.1.1] 

A.l.l.l/A-2 

A.1.1.2/A-2 

A.1.L3/A-3 

A.lAAIA-3 

MR[A.l] 

-110  [A.1.2] 

A.1.2.1/A-4 

A.1.2.2/A-4 

A.1.2.3/A-5 

A.1.2.4/A-5 

-100  [A.1.3] 

A.1.3.1/A-6 

A.1.3.2/A-6 

-120  [A.2.1] 

A,2.1.1/A-8 

A.2.1.2/A-8 

A.2.L3/A-9 

A.2.1.4/A-9 

DC  [A.2] 

-110  [A.2.2] 

A.2.2.1/A-10 

A.2.2.2  /  A-10 

-100  [A.2.3] 

A.2.3.1/A-12 

A.2.3.2/A-12 

-120  [A.3.1] 

A.3.L1  /A-14 

A.3.1.2/A-14 

A.3.L3/A-15 

A.3.1.4/A-15 

UMR  [A.3] 

-110  [A.3.2] 

ram 

-100  [A.3.3] 

A.3.3.3/A-19 

A.3.3.4/A-19  1 

-120  [A.4.1] 

A.4.1.1  /A-20 

A.4.1.2  /  A-20 

mam 

UDC  [A.4] 

-110  [A.4.2] 

A.4.2.1/A-22 

A.4.2.2/A-22 

A.4.2.3  /  A-23 

A.4.2.4/A-23| 

-100  [A.4.3] 

A.4.3.1  /  A-24 

A.4.3.2/A-24 

rara 

-120  [A.5.1] 

A.5.1.1/A-26 

A.5.1.2/A-26 

A.5.L3/A-27 

A.5.1.4/A-27 

%UMR  [A.5] 

-110  [A.5.2] 

A.5.2.3/A-29 

A.5.2.4/A-29 

-100  [A.5.3] 

A.5.3.1/A-30 

A.5.3.2  /  A-30 

A.5.3.3/A-31 

A.5.3.4/A-31 

-120  [A.6.1] 

A.6.L3/A-33 

A.6.1.4/A-33 

%UDC  [A.6] 

-110  [A.6.2] 

A.6.2.1  /  A-34 

A.6.2.2/A-34 

A.6.2.3/A-35 

A.6.2.4/A-35 

-100  [A.6.3] 

A.6.3.1  /  A-36 

A.6.3.2/A-36 

A.6.3.3/A-37 

A,6.3.4/A-37 
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LOGio(Prediction  /  Measurement )  LOGio(Prediction  /  Measurement ) 


Comparison  of  MR  Prediction  Accuracy 
ST  Link  45  MHz  >120  dBm  March  1989 
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Figureure  A,  1 . 1 . 1  MR  Comparison  at  - 120  dBm  for  45  MHz 


Comparison  of  MR  Prediction  Accuracy 
ST  Link  65  MHz  -120  dBm  March  1989 
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Figure  A 1 . 1 .2  MR  Comparison  at  - 120  dBm  for  65  MHz 


83 


LOGio(Prediction  /  Measurement )  LOGio(Precliction  /  Measurement ) 


Comparison  of  MR  Prediction  Accuracy 
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Figure  A.  1. 1.3  MR  Comparison  at  -120  dBm  for  85  MHz 


Comparison  of  MR  Prediction  Accuracy 
ST  Link  104  MHz  -120  dBm  March  1989 
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Figure  A.  1.1.4  MR  Comparison  at  -120  dBm  for  104  MHz 
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LOGio(Prediction  /  Measurement )  LOGio(Predlction  /  Measurement ) 


Comparison  of  MR  Prediction  Accuracy 
ST  Link  45  MHz  -110  dBm  March  1989 
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Figure  A.  1 .2. 1  MR  Comparison  at  - 1 1 0  dBm  for  45  MHz 


Comparison  of  MR  Prediction  Accuracy 
ST  Link  65  MHz  -110  dBm  March  1989 
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Figure  A.  1.2.2  MR  Comparison  at  -1 10  dBm  for  65  MHz 
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Comparison  of  MR  Prediction  Accuracy 
ST  Link  85  MHz  -110  dBm  March  1989 
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Figure  A.  1 .2.3  MR  Comparison  at  -1 1 0  dBm  for  85  MHz 


Comparison  of  MR  Prediction  Accuracy 
ST  Link  104  MHz  -110  dBm  March  1989 
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Figure  A.  1.2.4  MR  Comparison  at  -1 10  dBm  for  104  MHz 
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Comparison  of  MR  Prediction  Accuracy 
ST  Link  45  MHz  -100  dBm  March  1989 
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Figure  A.  1 . 3 . 1  MR  Comparison  at  - 1 00  dBm  for  45  MHz 


Comparison  of  MR  Prediction  Accuracy 
ST  Link  65  MHz  -100  dBm  March  1989 
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Figure  A.  1.3.2  MR  Comparison  at  -100  dBm  for  65  MHz 
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LOGio(Prediction  /  Measurement )  L06io(Prediction  /  Measurement ) 


Comparison  of  MR  Prediction  Accuracy 
ST  Link  85  MHz  -100  dBm  March  1989 
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Figure  A.  1.3.3  MR  Comparison  at  -100  dBm  for  85  MHz 


Comparison  of  MR  Prediction  Accuracy 
ST  Link  104  MHz  -100  dBm  March  1989 
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Figure  A.  1.3.4  MR  Comparison  at  -100  dBm  for  104  MHz 
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LOGio(Prediction  /  Measurement )  LOGio(Prediction  /  Measurement ) 


Comparison  of  DC  Prediction  Accuracy 
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Figure  A.2. 1.2  DC  Comparison  at  -120  dBm  for  65  MHz 
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Figure  A.2. 1.4  DC  Comparison  at  -120  dBm  for  104  MHz 
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Figure  A.2.2.2  DC  Comparison  at  -1 10  dBm  for  65  MHz 


91 


LOGio(Prediction  /  Measurement )  LOGio(Prediction  /  Measurement ) 


Comparison  of  DC  Prediction  Accuracy 
ST  Link  85  MHz  -110  dBm  March  1989 


0  2  4  6  8  10  12  14  16  18  20  22  24 

Universal  Time  (Hrs) 


-A- Version  1.0  -o- Version  1.0V 
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Figure  A.2.2.4  DC  Comparison  at  -1 10  dBm  for  104  MHz 
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Figure  A.2.3.2  DC  Comparison  at  -100  dBm  for  65  MHz 
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Figure  A.3.2. 1  UMR  Comparison  at  -120  dBm  for  45  MHz 
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Figure  A3. 23  UMR  Comparison  at  -120  dBm  for  85  MHz 
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Figure  A.3.2.4  UMR  Comparison  at  -120  dBm  for  104  MHz 
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Figure  A.3.2.2  UMR  Comparison  at  -1 10  dBm  for  65  MHz 
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Figure  A.3.2.3  UMR  Comparison  at  -1 10  dBm  for  85  MHz 
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Figure  A.3.2.4  UMR  Comparison  at  -110  dBm  for  104  MHz 
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Figure  A.3.3.2  UMR  Comparison  at  -100  dBm  for  65  MHz 
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Figure  A.3.3.3  UMR  Comparison  at  -100  dBm  for  85  MHz 
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Figure  A. 3. 3. 4  UMR  Comparison  at  -100  dBm  for  104  MHz 
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Figure  A.  4. 1 .2  UDC  Comparison  at  - 120  dBm  for  65  MHz 
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Figure  A.  4.1.3  UDC  Comparison  at  -120  dBm  for  85  MHz 
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Figure  A.  4.1.4  UDC  Comparison  at  -120  dBm  for  104  MHz 
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Figure  A.4.2. 1  UDC  Comparison  at  -1 10  dBm  for  45  MHz 
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Figure  A. 4.2,2  UDC  Comparison  at  -1 10  dBm  for  65  MHz 
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Figure  A.4.2.3  UDC  Comparison  at  -110  dBm  for  85  MHz 
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Figure  A.4.2.4  UDC  Comparison  at  -110  dBm  for  104  MHz 
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Figure  A.4.3. 2  UDC  Comparison  at  -100  dBm  for  65  MHz 


105 


LOGio(Predietion  /  Measurement )  LOGio(Prediction  /  Measurement ) 


Comparison  of  UDC  Prediction  Accuracy 
ST  Link  85  MHz  -100  dBm  March  1989 


0  2  4  6  8  10  12  14  16  18  20  22  24 

Universai  Time  (Hrs) 


Version  1.0  -o- Version  1.0V 


Figure  A.4.3.3  UDC  Comparison  at  -100  dBm  for  85  MHz 


Comparison  of  UDC  Prediction  Accuracy 
ST  Link  104  MHz  -100  dBm  March  1989 


Universai  Time  (Hrs) 


Version  1.0  Version  1.0  V 


Figure  A.4.3.4  UDC  Comparison  at  -100  dBm  for  104  MHz 
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Figure  A.  5.1.2  %UMR  Comparison  at  -120  dBm  for  65  MHz 


107 


LOGio(Prediction  /  Measurement )  LOGio(Prediction  /  Measurement ) 


Comparison  of  %UMR  Prediction  Accuracy 
ST  Link  85  MHz  -120  dBm  March  1989 


0  2  4  6  8  10  12  14  16  18  20  22  24 

Universal  Time  (Hrs) 


Version  1.0  -n- Version  1.0V 


Figure  A.  5. 1.3  %UMR  Comparison  at  -120  dBm  for  85  MHz 


Comparison  of  %UMR  Prediction  Accuracy 
ST  Link  104  MHz  -120  dBm  March  1989 


0  2  4  6  8  10  12  14  16  18  20  22  24 

Universal  Time  (Hrs) 


-^Version  1.0  -«>- Version  1.0V 


Figure  A.  5. 1.4  %UMR  Comparison  at  -120  dBm  for  104  MHz 


108 


LOGio(Prediction  /  Measurement )  LOGio(Prediction  /  Measurement ) 


Comparison  of  %UMR  Prediction  Accuracy 
ST  Link  45  MHz  -110  dBm  March  1989 


0  2  4  6  8  10  12  14  16  18  20  22  24 

Universal  Time  (Hrs) 


-o- Version  1.0V  -^Version  1.0 
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Figure  A.5.2.2  %UMR  Comparison  at  -1 10  dBm  for  65  MHz 
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Figure  A.5.2.4  %UMR  Comparison  at  -1 10  dBm  for  104  MHz 
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Figure  A.5.3.4  %UMR  Comparison  at  -100  dBm  for  104  MHz 
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Figure  A.  6. 1. 1  %IJDC  Comparison  at  -120  dBm  for  45  MHz 
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Figure  A.6. 1.2  %UDC  Comparison  at  -120  dBm  for  65  MHz 
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Figure  A.6. 1.4  %UDC  Comparison  at  -120  dBm  for  104  MHz 
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Figure  A.6.2.2  %UDC  Comparison  at  - 1 10  dBm  for  65  MHz 
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Figure  A.  6.2. 3  %UDC  Comparison  at  -1 10  dBm  for  85  MHz 
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Figure  A.  6.2.4  %IJDC  Comparison  at  -1 10  dBm  for  104  MHz 
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Figure  A. 6. 3. 2  %UDC  Comparison  at  -100  dBm  for  65  MHz 
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Figure  A.6.3.3  %UDC  Comparison  at  -100  dBm  for  85  MHz 
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Figure  A. 6.3.4  %UDC  Comparison  at  -100  dBm  for  104  MHz 
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7.  APPENDIX  B:  JODRELL  BANK  TEST  BED  RESULTS 


This  appendix  presents  plots  of  the  usable  meteor  rate  (MR)  for  the  “northwest”  and  “southwest” 
antenna  beams  obtained  at  JodreU  Bank  in  Greenland  in  the  years  1950  and  1951.  Each  plot  contains  the 
results  for  both  the  original  VAX  METEORLINK  (similar  to  PC  METEORLINK  Version  1.0)  and  PC 
METEORLINK  Version  l.OV.  The  following  table  provides  an  index  into  appendix  B  to  help  the  reader 
locate  specific  results. 


Northwest  Beam 

Southwest  Beam 

Month  and  Year 

Figure  # 

Page  # 

Figure# 

Page  # 

January  1951 

B.1.1 

B-2 

B.1.2 

B-2 

February  1951 

B.2.1 

B-3 

B.2.2 

B-3 

March  1951 

B.3.1 

B-4 

B.3.2 
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Detected  Meteors  per  Hour  Detected  Meteors  per  Hour 


Diurnal  variation  in  January,  1951 
Jodreli  Bank,  Northwest  Radar  Beam 


-•-Jodrell  Bank  Version  1.0  -a- Version  1.0V 


Figure  B.  1 . 1  MR  Comparison  for  the  Northwest  Beam  in  January 


Diurnal  variation  in  January,  1951 
Jodreli  Bank,  Southwest  Radar  Beam 


-•-Jodreli  Bank  -^Version  1.0  -o- Version  1.0V 


Figure  B.  1 .2  MR  Comparison  for  the  Southwest  Beam  in  January 
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Detected  Meteors  per  Hour  Detected  Meteors  per  Hour 


Diurnal  variation  in  February,  1951 
Jodrell  Bank,  Northwest  Radar  Beam 


JODRELL  BANK  -^Version  1.0  -o-Version  1.0V 


Figure  B.2. 1  MR  Comparison  for  the  Northwest  Beam  in  February 


Diurnal  variation  in  February,  1951 
Jodrell  Bank,  Southwest  Radar  Beam 


Universal  Time 


-^JODRELL  BANK  -^Version  1.0  -Q- Version  1.0V 


Figure  B.2.2  MR  Comparison  for  the  Southwest  Beam  in  Feruary 
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Detected  Meteors  per  Hour  Detected  Meteors  per  Hour 


Diurnal  variation  in  March,  1 951 
Jodrell  Bank,  Northwest  Radar  Beam 


Universal  Time 


-JODRELL  BANK  Version  1.0  -o- Version  1.0V 


Figure  B.3 . 1  MR  Comparison  for  the  Northwest  Beam  in  March 


Diurnal  variation  in  March,  1951 
Jodrell  Bank,  Southwest  Radar  Beam 


Figure  B.3. 2  MR  Comparison  for  the  Southwest  Beam  in  March 
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Detected  Meteors  per  Hour  Detected  Meteors  per  Hour 


Diurnal  variation  in  April,  1951 
Jodrell  Bank,  Northwest  Radar  Beam 


-^JODRELL  BANK  -^Version  1.0  -o- Version  1.0V 


Figure  B.4. 1  MR  Comparison  for  the  Northwest  Beam  in  April 


Diurnal  variation  in  April,  1951 
Jodrell  Bank,  Southwest  Radar  Beam 


0  4  8  12  16  20  24 

Universal  Time 


-^JODRELL  BANK  -^Version  1.0  -^-Version  1.0V 


Figure  B.4.2  MR  Comparison  for  the  Southwest  Beam  in  April 
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Detected  Meteors  per  Hour  Detected  Meteors  per  Hour 


Diurnal  variation  in  May,  1951 
Jodrell  Bank,  Northwest  Radar  Beam 


-^JODRELL  BANK  -^-Version  1.0  -o- Version  1.0V 


Figure  B.5. 1  MR  Comparison  for  the  Northwest  Beam  in  May 


Diurnal  variation  in  May,  1951 
Jodreli  Bank,  Southwest  Radar  Beam 


-^JODRELL  BANK  -^-Version  1.0  -o-Version  1.0V 


Figure  B.5.2  MR  Comparison  for  the  Southwest  Beam  in  May 
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Detected  Meteors  per  Hour  Detected  Meteors  per  Hour 


Diurnal  variation  in  June,  1951 
Jodrell  Bank,  Northwest  Radar  Beam 


-^JODRELL  BANK  -a- Version  1.0  -o- Version  1.0V 


Figure  B.  6. 1  MR  Comparison  for  the  Northwest  Beam  in  June 


Diurnal  variation  in  June,  1951 
Jodrell  Bank,  Southwest  Radar  Beam 


JODRELL  BANK  Version  1.0  -o- Version  1.0V 


Figure  B.6.2  MR  Comparison  for  the  Southwest  Beam  in  June 
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Detected  Meteors  per  Hour  Detected  Meteors  per  Hour 


Diurnal  variation  in  July,  1951 
Jodrell  Bank,  Northwest  Radar  Beam 


h^JODRELL  BANK  -^Version  1.0  -o-Version  1.0V 


Figure  B.7. 1  MR  Comparison  for  the  Northwest  Beam  in  July 


Diurnal  variation  in  July,  1951 
Jodrell  Bank,  Southwest  Radar  Beam 


-^JODRELL  BANK  -^-Version  1.0  -o-Version  1.0V 


Figure  B.7.2  MR  Comparison  for  the  Southwest  Beam  in  July 
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Detected  Meteors  per  Hour  Detected  Meteors  per  Hour 


Diurnal  variation  in  August,  1951 
Jodrell  Bank,  Northwest  Radar  Beam 


-^JODRELL  BANK  Version  1.0  -“-Version  1.0V 


Figure  B.8. 1  MR  Comparison  for  the  Northwest  Beam  in  August 


Diurnal  variation  in  August,  1951 
Jodrell  Bank,  Southwest  Radar  Beam 


-^JODRELL  BANK  -a- Version  1.0  Version  1.0V 


Figure  B.8.2  MR  Comparison  for  the  Southwest  Beam  in  August 
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Detected  Meteors  per  Hour  Detected  Meteors  per  Hour 


Diurnal  variation  in  September,  1951 
Jodrell  Bank,  Northwest  Radar  Beam 


-^JODRELL  BANK  -^Version  1.0  -t>-Verslon  1.0V 

Figure  B.9. 1  MR  Comparison  for  the  Northwest  Beam  in  September 


Diurnal  variation  in  September,  1951 
Jodrell  Bank,  Southwest  Radar  Beam 


-^JODRELL  BANK  Version  1.0  -o- Version  1.0V 


Figure  B.9.2  MR  Comparison  for  the  Southwest  Beam  in  September 
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Detected  Meteors  per  Hour  Detected  Meteors  per  Hour 


Diurnal  variation  in  October,  1950 
Jodrell  Bank,  Northwest  Radar  Beam 


Figure  B.  10. 1  MR  Comparison  for  the  Northwest  Beam  in  October 


Diurnal  variation  in  October,  1950 
Jodrell  Bank,  Southwest  Radar  Beam 


Universal  Time 


-JODRELL  BANK  -^-Version  1.0  --o- Version  1.0V 


Figure  B.  10.2  MR  Comparison  for  the  Southwest  Beam  in  October 
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Detected  Meteors  per  Hour  Detected  Meteors  per  Hour 


Diurnal  variation  in  November,  1950 
Jodreil  Bank,  Northwest  Radar  Beam 


-•-JODRELL  BANK  Version  1.0  -o- Version  1.0V 


Figure  B.  1 1 . 1  MR  Comparison  for  the  Northwest  Beam  in  November 


Diurnal  variation  in  November,  1950 
Jodreil  Bank,  Southwest  Radar  Beam 


-^JODRELL  BANK  Version  1.0  -o- Version  1.0V 


Figure  B.  1 1.2  MR  Comparison  for  the  Southwest  Beam  in  November 
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Detected  Meteors  per  Hour  Detected  Meteors  per  Hour 


Diurnal  variation  in  December,  1950 
Jodrell  Bank,  Northwest  Radar  Beam 


h^JODRELL  BANK  -^Version  1.0  -^-Version  1.0V 


Figure  B.  12. 1  MR  Comparison  for  the  Northwest  Beam  in  December 


Diurnal  variation  in  December,  1950 
Jodrell  Bank,  Southwest  Radar  Beam 


-^JODRELL  BANK  Version  1.0  -o-Version  1.0V 


Figure  B.  12.2  MR  Comparison  for  the  Southwest  Beam  in  December 
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Detected  Meteors  per  Hour  Detected  Meteors  per  Hour 


Monthly  Diurnal  Average  Variation 
Jodrell  Bank,  Northwest  Radar  Beam 


-^JODRELL  BANK  -^-Version  1.0  -a-Version  1.0V 

Figure  B.  1 3. 1  Monthly  MR  Comparison  for  the  Northwest  Beam 


Monthly  Diurnal  Average  Variation 
Jodrell  Bank,  Southwest  Radar  Beam 


-^JODRELL  BANK  -^Version  1.0  -a- Version  1.0V 

Figure  B.  13.2  Monthly  MR  Comparison  for  the  Southwest  Beam 
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